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“No doubt about it, Ellington—we’ve

mathematically expressed the purpose

of the universe. God, how | love the
thrill of scientific discovery!”

Image taken from: Gary Larson, "The Complete Far Side", Volume One
1980-1986, p. 418, Andrews McMeel Publishing, 1st edition, Sixth printing,
2007. This picture is explicitely excempted from the Creative Commons
licence as stated below.






Der Wert der Arbeitskraft, gleich dem jeder an-
dren Ware, ist bestimmt durch die zur Produktion,
also auch Reproduktion, dieses spezifischen Artikels
notwendige Arbeitszeit.!

199 years earlier . ..

Dignitas fignificat interdum Valorem five pretium
hominis, nempe tantum, quanti Potentise ejus ufum
aliquis emere vellet. Major ergo vel minor est, prout

ab aliis sestimatu.?

1«The value of labour-power is determined, as in the case of every other commodity,
by the labour-time necessary for the production, and consequently also the reproduction,
of this special article.”, Karl Marx, “Das Kapital: Kritik der politischen Okonomie”, 1867.
Upper quote from [Mar88], p. 184, “Buch I: Der Produktionsprozef des Kapitals”, “Zweiter
Abschnitt: Die Verwandlung von Geld in Kapital”, “3. Kauf und Verkauf der Arbeitskraft”,
english translation from [Mar09], p. 120.

2«The Value, or WORTH of a man, is as of all other things, his Price; that is to say,
so much as would be given for the use of his Power: and therefore is not absolute; but a
thing dependant on the need and judgement of another.” Thomas Hobbes, “Leviathan,
sive, De materia, forma, & potestate civitatis ecclesiasticae et civilis”, 1668.
Upper quote from the updated latin version [Hob68|, p. 44, Capvt X., “De Potentia,
Dignitate, & Honore.”, english version from his original treatise on politics “Leviathan or
The Matter, Forme & Power of a Common-Wealth Ecclesiasticall and Civill” from 1651,
p. 42, Chapter X., “Of Power, Worth, Dignity, Honour and Worthinesse.” [Hob51]
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Abstract

Some large engineering structures are made by casting polymers into a mold.
The structures can have complicated geometries and may be filled with other
components, such as electrical transformers. Producing precision parts re-
quires good control of the production parameters. When casting thermoset
polymers an understanding of the curing process is important with its heat
release, associated temperature changes and volume changes occuring dur-
ing process.

The topic of this thesis is twofold. Firstly, it describes how the cure of a
polymer of unknown detailed chemical composition in a large part can be
predicted and how the necessary material properties required for the pre-
dictions can be obtained. The approach given is a method that a part
manufacturer can perform. It will not characterize chemical reactions in de-
tail, but it gives sufficient accuracy to describe the process. The procedures
will be explained for an example of casting a large block of a filled two-
component thermoset polyurethane. The prediction of the degree of cure,
the associated heat and temperature increase during the curing of a polymer
was successfully done by using a standard finite element program with the
input parameters reaction energy, the Arrhenius pre-factor and the kinetic
function, which describes the chemical reaction. The three parameters could
be obtained with standard DSC equipment. The data was analyzed with the
model-free isoconversional method combined with the compensation effect.
The same set of parameters allowed prediction of experimental cure behav-
ior over two orders of magnitude of time and at a curing temperature range
from room temperature up to420 K.

The above mentioned volume changes can lead to significant stresses or
strains, causing deformations that can lead to cracks. Said volume changes
are inseperably associated with the curing process. Thus, secondly, the de-
velopment of volume changes investigated in-situ in large polymer casts. For
this purpose a relatively new experimental method was employed to mea-



sure strains due to volume changes during the curing process. The method
is based on Optical Backscatter Reflectometry and utilizes optical measure-
ment fibres, embedded into the material. Thus, many accurate local strain
measurements are performed along the length of this fibre. Six distinct
stages of the curing process can be identified. Previous measurements were
limited to a few point measurements in small samples. This thesis shows vol-
ume changes during curing in large samples and identifies some unexpected
changes in behavior when going from small to large specimens.

With the methods presented in this thesis the curing process and the re-
lated volume changes can be investigated for many polymer materials. Thus
it contributes to the better understanding and modeling of such materials.
This may help engineers and other researchers with controlling the produc-
tion processes of large casted structures.



Acknowledgements

I want to express a huge and wholeheartedly thank you towards my super-
visor Andreas T. Echtermeyer for giving me the opportunity to work on this
project. It was fun to learn so many things [’ve never heard about before.
It was always good to see his excitement when I presented some results but
was more worried about the difficulties to get them. I'm also deeply thankful
that he let me be who I am despite my quirks and strong opinions.

My thanks go of course to the Norwegian Research Council and Rolls Royce
Marine for supporting this project. In Rolls Royce Marine the two most
important persons (for this project) were Mette Lokna Nedreberg and Jorg
Hgyland. Beside the general support I want to thank them mostly for keep-
ing things simple, the practical help and keeping bureaucracy as far away
from me as possible.

Talking about bureaucracy. Andrea, Aud, Gabriela, Kristin, Natalia, Nelly
Ann, and Qazi I want to thank you for doing all the paperwork (and often
on short notice). This eats my brain and by doing it you helped me not
losing my mind.

Thank you also to Halvard, Bgrge, Jan Magnus, Emil and Roar for all the
help. So much expertise concentrated in the workshop. So many things
would have been much slower without your help. I may show up in the
future, when it is the special time of the month, when my bike needs repair.
Thank you to Nils Petter for the hours upon hours of philosphical and polit-
ical debate. We criticize what is dearest to us so that it will become better
and doesn’t get lost in the tumult.

I had also a fair share of discussions with Kaspar. I enjoyed our elaborated
disagreements. Over time this led to better understanding of certain view-
points. And for that I'm really thankful.

Thank you Ton and Anton for your friendship, thank you Erik for giving me
the confidence to fix the bike myself and thank you Eivind for understanding
that python is fun and for driving me to where the snow is. A thank you to



Steffen and Jan-Magnus for all the necessary procrastination when my brain
was about to blow up.

This reminds me of thanking Abedin for all the talking he allowed me to do,
for the support when I needed it and for his angelic patience. Don’t forget
the promise to invite me to your wedding!

Jaroslav, my thanks to you for explaining concepts to me that [ didn’t use
at that time but which put me on a different track, deeper into the rabbit
hole of programming. And Merete, I am deeply thankful for your help, when
I needed it the most.

Andrey! You know.

Steffen, Julia, Ralf, Claus, and Nicole. I'm glad that I can call you my
friends! It’s you who picked up the pieces and I can trust that you would
do it again.

Taking this opportunity I'd like to thank the people which influenced my
understanding of the world.

First of all I want to thank Richard M. Stallman for introducing me to and
figthing for ideas which became really important to me. I rather stand for
something, than fall for anything. Free Software! Free Society!*

Talking about convictions. I don’t know who specifically started it, but I
want to thank the open access (including the open data) movement for their
patience and hanging in there. It’s nice to see that an idea I am advocating
for since more than ten years, becomes more widely adopted, finally.

I'm pretty sure that I will be grateful for the remainder of my live to Li-
nus Torvalds in general and the Debian team and maintainers more specifi-
cally for giving me the operating system and free software that allows me to
be as efficient as possible. This contributes tremendously to my continued
sanity. It’s also great fun to use the command line!

Talking about being efficient. Thank you Donald E. Knuth, Leslie Lamport
and all the package developers for creating the tools which give me what I
want and not what I merely see.

In this general context I want to express my gratitude to Guido van Rossum
for designing python, all the programmers which are contributing to its con-
tinuing development and Zed Shaw for teaching it to me. You gave me a
completely new toolbox. I can now solve problems I didn’t even know I had!
My thanks go to Bertrand Russel for being my “point of departure” when I
started so many years ago (unknowingly) my journey to explore the human
condition.

“Free as in Freedom of Speech. But very often such software is also gratis; cf. fsf.org.



Talking about the human condition I want to thank K. M. I have never
encountered a better explanation of the very fundament of the society I'm
living in. For that, and for reminding me of history, I am very thankful. He
also loved footnotes as much as I do.

I'm grateful to Mary Midgley for setting things which mean a lot to me into
a different perspective. And I'm of course very thankful to all the other
philosophers throughout the history of humanity. So much to read, so little
time, but in general it helps to remember what Descartes wrote: dubito, ergo
sum.

And while I'm touching the subject of ideas we take for granted nowadays,
I’d like to thank Scott Alexander for helping my brain to predict.

Some last but wholehearted thanks go to Josh Homme and the rest of the
Queens for expressing how it is, Deftones for the anger, The Mars Volta for
the food for my brain to chew on, Wulff & Morgenthaler for not shutting
up, Neil Gaiman for his dreams and Stanistaw Lem for his universes.
Danny, Adam, Justin and Maynard, thank you for still being in my head
when it matters.

Opa, danke fuer’s Verstehen. I miss you.

Hugo, the promise I gave at the day of your birth will always be valid; [ will
be here for you, whenever you need me, as long as the universe allows. I'm
very glad that you are my son!

Anna Victoria Hero, jag dlskar dig!






Contents

1 Introduction

2 Simulating the Curing Process of a Polymer
2.1 Heat Generation During the Curing Process . . . . . . .. ..

211

2.1.2
2.1.3
2.14

The Isoconversional Method to Determine the Activa-
tion Energy . . . . . . ..o oo
The Compensation Effect to Determine the Pre-Factor
Calculating the Actual Kinetic Model . . . . . . . ..
Heat Flow Measurements by Differential Scanning Ca-
lorimetry . . . . .. oo

2.2 Experimental Methods . . . . . . .. ... .00

221

2.2.2

Material Information and Preparation Prior DSC Ex-
periments . . . . ... .. Lo
General DSC Setup and Procedures . . ... ... ..

2.3 DSCResults. . . . . . . . .

231
2.3.2

2.3.3
2.34

2.3.5
2.3.6

Isothermal and Dynamic Experiments . . . . . .. ..
The Kinetic Triplet Determined with Regular Func-

tion Fitting of the DSC data . . . . .. .. ... ...
Activation Energies Determined With the Isoconver-

sional Method . . . . . . ... ... oL
Determining the Compensation Parameters . . . . . .
The Actual Kinetic Function . . . .. ... ... ...
Prediction of the Heat Flow . . . . . .. ... ... ..

2.4  Finite Element Simulations and the Control Experiment . . .

24.1
2.4.2
24.3

Setup of the Large Cast Control Experiment . . . . .
Details Regarding the Finite Element Simulations . . .
Simulation of and Actual Temperatures in a Casted

Polymer Block . . . . . ... ... . ... ... ...,

2.5 Summary ... ...

11
12

12
13

13
14
14
15

17

18
19
19
21
21
21
22



3 Investigation of Volume Changes During the Curing Process 29

3.1 Opening remarks . . . . ... ...
3.2 A Very Basic Theoretical Framework for OBR . . . . . . . ..
3.2.1 The General OBR Principle . . . . . ... . ... ...
3.2.2 Two Methods to Analyze OBR Measurements . . . . .
3.2.2.1 The Regular OBR Analysis Procedure . . . .

3.2.2.2  The Running Reference Method . . . . . ..

3.2.3 Expected Behaviour . . . .. ... .0

3.3 Material Information and Experimental Setup . . . . . . . ..
3.3.1 Material Information . . . . . ... ... 0oL
3.3.2 OBR Strain Measurement Setup . . .. .. ... ...

3.4 Results and Discussion . . . . . ... ...
34.1 Six Stages of Curing . . . . . .. ...
3.4.2 Strain Development in Large Vessels . . . .. ... ..

4 Conclusions
4.1 Cure Modeling . . . .. .. ... o
4.2  Measuring of Volume Changes During the Curing Process
4.3 Summary ... .. e

5 Future Work

Symbols and Abbreviations
Bibliography

Appendices

A Paper 1

B Paper II

C Paper II1

29

43
43
44
46

47

49

50

65

67

85

95



Chapter 1

Introduction

In its roadmap for maritime activities and offshore operations [For12] the
Norwegian Research Council concluded that it is important to develop propul-
sion systems that use less fuel and have lower emissions.

The "Novel Fuel Saving Propulsion Technologies for Offshore and Mer-
chant Vessels"-Project (NovelPro) directly addresses this issue by aiming
for the development of "new propulsion concepts enabled by novel compo-
nents" [Nov14|. Fuel savings of up to 40 % are anticipated.

One key concept to achieve this goal is the use of permanent-magnet-machines
solutions. Already in 1955 a patent [PB55] was granted in which azimuth
thrusters utilize electromotors for improved functioning. This allows omit-
ing the external (often diesel) motors that usually drive the propellers,
transmission- and gear-systems. Thus the many rotating parts needed in
widely used technology can be reduced to just one, the propeller itself, as is
typical for electromotors [Far44]. This will in turn lead to a better utiliza-
tion of ship space and removes the need for potentially hazardous lubricants.
Lower maintenance demands are also to be expected.

The part of the NovelPro project in which the PhD activities were carried
out is the development of encapsulating metal parts or segments of electric
machines using polymers.

Resins are casted as a pourable liquid into moulds in which the metal parts
are embedded. The monomers of the resin form chains and these chains
form crosslinks [Wan16]. This process is called curing or hardening and it
is an exothermic reaction [McH16]|. Taking the typical dimensions of above
mentioned thrusters, into consideration, this leads to challenges regarding
the encapsulation of the electrical parts.



2 Introduction

Producing precision parts requires good control of the production param-
eters. Which production parameters to choose and which tolerances they
should have can be best determined when the process is well understood.
When casting thermoset polymers an important and fundamental aspect is
the understanding of the curing process [Kar96, Mes15, Sub16, Abl17, Str17].
Complete cure is required to obtain good mechanical properties.

Curing also causes shrinkage that can influence the surface quality of the
component. Depending on the geometry of the part thermal shrinkage and
curing shrinkage can also create internal stresses that can weaken the part or
lead to cracking [Pra01, Ols03, Rui05, Mer06, Din16, Haol6, Knol7, Chel§].
Further the heat generated during the cure in an exothermic reaction needs
to be controlled. When the heat cannot be removed from the inside of the
component temperature increases substantially and the properties of the
polymer may degrade leading to a fire in the worst case. The control of the
heat development is especially important for big components having a large
volume to surface ratio, because due to the low heat conductivity of most
polymers, the heat cannot be removed easily [Ken89, Ken90)].

While this project was born out of the above mentioned initiative are the
problems not unique to the embedding of ship thrusters. Other large casted
components may be (parts of) bridges, wind turbine blades or electrical
transformers. Thus the described challenges are of more general importance
than just for the narrower scope of the original project.

Since it is very expensive and time consuming to conduct encapsulating
experiments with such large structures it was the aim of this PhD work to
develop a mathematical model for the curing process. Such a model can then
be used in finite element simulations with different (simulated) conditions
to gather information about the curing process. Such information can than
be used to decide under which conditions selected experimental studies at
large structures should be performed.

This PhD had to overcome two main challenges on the road to said goal.
The main practical challenge was that the detailed composition of the poly-
mer used by the project partners to encapsulate said electronic components
was not available. Without knowing the exact composition of the polymer it
was not possible to use directly information from the literature to determine
the parameters with which the progress of the chemical reaction (and with
it the temperature development) could be calculated. This lack of informa-
tion however, is not uncommon in engineering applications [Kar96]. The



producer of a polymer does not give that information to a manufacturer for
commercial reasons. Even if the manufacturer had the full knowledge of
all details of the polymer, the specific properties required for cure modeling
would likely not be readily available. Even the same resin can exhibit a
different curing behaviour and properties when mixed with different cross-
linking agents [Jeyl5] or the same cross-linking agent but with different
mixture ratios [Okal3| or content of fillers [Qi06].

Hence, the first part of this thesis describes in chapter 2 how the heat de-
velopment during cure of a polymer in a large part can be predicted and
how the necessary material properties required for the predictions can be
obtained, with relatively little test effort. In principle all required steps are
well known, but a practical approach that an industrial user can use is lack-
ing.

In general the basic theory behind curing kinetics and the challenges for the
general user will be briefly described. The required properties can be calcu-
lated by using relatively simple methods. A key practical aspect is that the
obtained results should allow sufficiently accurate prediction of the curing
behavior. However, the results may not be good enough to characterize the
curing kinetics in all detail, as it is not needed for a manufacturer. This
simplification makes it possible to give a manufacturer a simple procedure
to get the data needed for production modelling. Finally it will be shown
how the obtained results can be used in a slightly modified commercial fi-
nite element program to predict curing behavior. The subroutines needed
to modify the program will be explained.

The procedures will be explained for an example of casting a large block
of the two-component thermoset provided by the project partners. For this
thesis the overall problem was simplified to the case case of casting a block
of 200 x 200 x 60 mm?.

The second challenge was in connection with the strain development during
the curing proceess. The knowledge of the actual cure shrinkage at given
regions of the product is essential for finding remedies against failure of the
part during manufacturing. However, no experimental method existed for
the detailed investigation of in-situ, internal thermal and cure shrinkage of
large structures. In the beginning of chapter 3 of this thesis many literature
references are given for the multitude of methods which exist to measure the
shrinkage of small samples in the laboratory or the overall shrinkage of larger
samples. Some methods can even measure the internal shrinkage but these
yield very limited (usually punctiform) information. Thus, in the second



4 Introduction

part of this thesis, in chapter 3, the newly developed method which utilizes
optical fibres to determine the thermal and cure shrinkage during the curing
process along the whole length, is shwon. Afterwards the results of the appli-
cation of this method are presented for structures of different length’s. Small
and large structures show different behaviour, an information which could
not have been easily discovered with the established methods and which was
to the authors knowledge unreported in the literature so far. For practical
reasons an epoxy was investigated for these studies. This is a different ther-
moset polymer than the one used for the kinetic studies described above.
However, the method should be applicable to any kind of curing material.
At the end of the thesis, in chapter 4, a summary of the results is provided
and the conclusions. In chapter 5 recommendations for future work are out-
lined.

Surprisingly little literature exist regarding the casting of large structures
with neat resin.! However, due to superior properties, composite mate-
rials are nowadays more and more used in the aerospace and automotive
industry. This lead to a growing interest in the properties of these mate-
rials. These composite materials consists often of fibres of a certain kind,
embedded in a polymer. The curing process and how it determines the
mechanical properties of such composite-structures has been investigated
in detail in the past. Of interest here is the numerical analysis of internal
strains and stresses and the cure temperature and the geometrical effects
these have onto the structural elements made of these composite materi-
als [Rui05, Min16, Stal5, Yool6].

The curing behaviour of neat resin has been investigated, e.g. regarding the
encapsulation of (small) devices [Sha05, Barll, Wit04], for coatings [Jum10,
Yu06, Tan16] and in general [Nis02, Mer06, OBr01, Har07, Blu02, Dev15].

However, the result of these studies are of limited use is mainly because the
dimensions of the samples under investigation are rather small, usually in
the range of some centimeters, while the above mentioned thrusters have
dimensions in the range of meters.

These issues are somewhat addressed e.g. in [Gri06], in which structures,
that are in one direction greater than 15 cm, are casted with bulk epoxy.
But still the dimension of these structures are approximately one order of
magnitude lower than the targeted dimensions of the structures under in-

'That was confirmed by industry experts from polymer resin producers and other
researchers, e.g., from Siemens, during a conference regarding the use of “Epoxy Resins
in Electrical and Electronic Engineering” at the Technical Academy Esslingen, Germany.



vestigation in this thesis.

In addition, usually resins with rather short curing times, in the order of
some minutes, are used for the encapsulating of electronics or coating ap-
plications. The curing time for the polymers used in this thesis must be in
the order of several hours to be sure that no meaningful curing takes place
during the filling of the elements which takes approx. one hour.

The thesis is made as a compendium of three scientific articles and it is
structered as laid out above. All information given in the thesis is also de-
scribed in the following three articles. Many sections are identical to the
text in the publications, but the latter provide more details.

I S. Heinze and A.T. Echtermeyer. A Practical Approach For Data
Gathering For Polymer Cure Simulations. Applied Sciences (Switzer-
land), 8(11), 2018, 2227

IT S. Heinze and A.T. Echtermeyer. A running reference analysis method
to greatly improve Optical Backscatter Reflectometry strain data from
the inside of hardening and shrinking materials.  Applied Sciences
(Switzerland), 8(7), 2018, 1137

IIT S. Heinze and A.T. Echtermeyer. In-situ strain measurements in large
volumes of hardening epoxy using Optical Backscatter Reflectometry.
Applied Sciences (Switzerland), 8(7), 2018, 1141

In fig. 1.1 it is illustrated how the articles relate to the goal of this thesis
to develop a mathematical model which allows the simulation of the curing
process of polymers.

Paper I presents the kinetic studies and simulations of the curing behaviour
of the project partner’s material. As the dominance of the colour red in
fig. 1.1 indicates, paper I is central for the thesis. Paper II presents a novel
approach how to analyze the data of in-situ volume change measurements
during a curing process. Finally, paper 111 presents the results of such inves-
tigations for vessels of different length’s. As mentioned earlier, paper I inves-
tigated a different polymer than papers II and III. Due to time constraints
the latter studies could not be performed for the material for which the cur-
ing kinetic was determined. Thus, the implementation of volume changes
into the simulation was not possible. This is indicated by the dashed lines in
fig. 1.1 How the implementation can be done is briefly discussed in chapter 5.
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Chapter 2

Simulating the Curing Process
of a Polymer

Regarding the casting of large polymer structures two aspects of the poly-
merization process are of main interest for an engineer. Firstly, to figure out
hot-spots in the structure, due to the heat release during the curing pro-
cess. Secondly, cure shrinkage especially if it is uneven, due to differences
in the progress of conversion in different locations of a structure. Ideally
the curing process should be simulated before the actual cast. This chap-
ter concentrates on the former problem. Since a description of the curing
progress involves the calculation of the degree of cure at any time, the second
challenge can easily be solved, if the conversion dependent cure shrinkage is
known.

This chapter presents how the necessary parameters to describe the chemical
reaction can be determined. Afterwards the simulations that were carried
out with these parameters are presented and compared to measurements in
a control experiment. How to determine the cure shrinkage will be the topic
of chapter 3.

2.1 Heat Generation During the Curing Process

The conversion (or degree of cure) « is the amount of bonds formed in a
certain amount of polymer. The rate da;/dt at which bonds are formed with
time ¢ during a chemical reaction is typically described with a general rate
equation [Hoh03, Vyal4]:

do

= K(T) fla) = A EIRT f(a) (21)



8 Simulating the Curing Process of a Polymer

The so called kinetic function f(«) will be discussed below, T is the absolute
temperature and k the rate coefficient. The latter relates to the tempera-
ture according to the empirical Arrhenius equation [Arr89a, Arr89b| which
appears in the right hand side of eq. (2.1) instead of k. In the Arrhenius
equation R is the universal gas constant, F the activation energy and A the
pre-exponential factor. The exact physical meaning of A is out of scope of
this thesis, but in general it determines how often molecules collide with
each other. While traditionally it was assumed that k is just dependent on
the temperature, a growing body of works shows that both E and A can
be dependent on « (see for example [Vya96, Vya97, Vya98, Vya99, Shi02,
Alz10, Vyall, Alz12, Sbil3, Wanl13, Vyal5]).

Note that « is given as a normalized quantity ranging from 0 (no bonds) to
1 (fully cured). The rate of reaction da/dt should change with the number
of bonds that have already formed. This change can be described by the
kinetic function f(a). Intuitively one could think that the reactants can
find possible sites for bonding easily at the beginning of the curing process.
Once many bonds have formed the reaction rate slows down due to a lim-
ited number of available sites. Depending on the chemistry involved many
scenarios are possible. Much work has been done to determine the functions
f(«) for various chemical reactions. In [Sbil3] some of such different kinetic
functions can be found.

The material here investigated is a polyurethane. More details regarding the
material can be found in section 2.2.1. While the correct kinetic model of
polyurethane is still a topic of academic debate, often a so called n-th order
model is used to describe the curing progress [Kim05, Ver06:

fla)=(1-a)y . (2.2)

The advantages of this relationship are its simplicity and that it needs just
one parameter — the reaction order n, in addition to the degree of cure a.
The formation of polymer bonds is an exothermic reaction and during each
bond formation a certain amount of heat @ is released. If in a given amount
of polymer all bonds are formed, the total heat Qoo (usually normalized
to one gram) is released’. Measuring the heat set free during a chemical
reaction is a standard experimental procedure and described in more detail
below. The rate at which bonds form relates to the heat released according
to:

de 1 dQ

dt Qtotal dt

(2.3)

LCf. right image in fig. 2.1.
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For the practical user molding a polymeric component the quantities «(t)
and Q(t) are of main interest. If the former can be calculated as the integral
of eq. (2.1), the latter can easily be obtained as the integral of eq. (2.3). This
has an important implication. It is sufficient to model the integral of the re-
action equations accurately. This means typically that certain inaccuracies
in the reaction equations can be acceptable, because they play a minor role
in the integrated quantities. This will be discussed in more detail below.
The equations also show that the main properties to be obtained are: FE,
A and f(«). This set of properties is often called the “kinetic triplet”. The
following will describe how these properties can be obtained at sufficient
accuracy.

The standard way to obtain the kinetic triplet is regular fitting of DSC data
with a given kinetic function. Here and in the following the term “regular
fitting” shall describe that the parameters of a given function are optimized
until said function describes the data in question. If for example it is as-
sumed that f(«) = (1 — @)™ in eq. (2.1) than the function that needs to be
optimized is A -e /BT . (1 — ). In this example the values for A, E and
n are initially guessed and said function will be calculated. Then the values
for these three parameters will be changed and the function calculated again
until the deviation between the function with optimized parameters and the
data is below a given threshold.

2.1.1 The Isoconversional Method to Determine the Activa-
tion Energy

If the polymer under investigation does not behave according to an idealized
reaction model or if this model f(«) is not known it may not be possible
to acquire the correct kinetic triplet by regular fitting of the DSC data.
The ICTAC Kinetics Committee [Vyall] recommends to employ the most
precise model free isoconversional method to obtain the activation energy.
Further, the so called compensation effect is used to determine the Arrhenius
pre-factor. Finally, the actual kinetic function is straight forward calculated
with these parameters from the DSC data.

Below just the two main equations are presented of the theory extensively
laid out in the works of Vyazovkin and others [Vya96, Vya97, Vya98, Vya99,
Sbhi02, Vyall, Shil3, Vyal5|. In these sources other isoconversional methods
are mentioned that are approximate solutions and do not require the exten-
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sive aid of computer programs for the calculations. However, the method
presented here was mainly laid out by Vyazovkin and it is the most precise.
Comparisons of the results yielded by the different isoconversional methods
are given e.g. in [Vyalb|. The theory assumes that the Arhenius prefactor A
and the activation energyE in eq. (2.1) are also dependent on the degree of
cure, thus becoming A, and E,. A more detailed derivation and justifica-
tion for these equations can be found in the cited sources and paper 1.
Considering several DSC experiments with constant, but different tempera-
ture ramps with heating rates 5. Then the essencee of the isoconversional
method is the following equation:

_ - - J(EaaTa,i)B‘ -
(Eq) = z; ;W =i(-1) (2.4)
i=1 j#i

in which ®(FE,) stands for the value of the double sum on the right side. The
reader may observe that this equation does neither contain the kinetic model
nor the pre-factor. The indices ¢ and j denote different experiments, n is
the total number of experiments and J is an abbreviation for the following
integral:
To
J(Eo,Ty) = / e Fa/(RT)q (2.5)

To Aa

J is basically an integral over the Arrhenius equation. The upper limit is
the temperature when the polymer reached the degree of cure of interest
and the lower limit is the temperature when the material reached a lower
conversion.

For a given conversion «, the limits of the integral in equation (2.5) follow
directly from the heat flow data. Then the integral(s) themself are calculated
by first choosing an arbitrary value for E, (the initial guess) and computing
the double sum. This yields a value for ®. Next another value for E, is
chosen while the integral limits stay the same and the ingrals and double
sum are calculated with this new value for E,. This yields another value for
®. This algorithm is then repeated until an activation energy is found for
which ®(E,) is minimal.

DSC measurements with arbitrary temperature programs can be analyzed
by equalling the heating rate(s) f5; ; in equation (2.4) to one (no matter what
the actual heating rate was) and in equation (2.5) the integral is performed
over time instead of temperature.
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2.1.2 The Compensation Effect to Determine the Pre-Factor

The Arrhenius pre-factor can be determined by utilizing the so called com-
pensation effect.

Determining the pre-factor in the Arrhenius term is independent of the iso-
conversional method decribed above. If eq. (2.1) is re-arragned the following
relationship is obtained:

1 da) 0 _E
In (fk(oé)dt> = In Ay . (2.6)

Here the index k denotes different kinetic models. The time dependency of
the conversion follows directly from the DSC data? and thus is known. For
each « the inverse of the different kinetic functions can simply be calculated.
Hence, the left hand side of eq. (2.6) is known for each time ¢. Since constant
heating rates are assumed? time and temperature correlate linearly with each
other. The left hand side of eq. (2.6) over the inverse temperature needs then
to be linearly fitted for each model k. This will yield different sets of In Ay
and Fj. It has to be mentioned that here (and just here) the pre-factor and
activation energy are not considered to be dependent on the conversion.
After sets of In A, and E), are determined for different models k it was
shown [Pys79, Les85, Vya88, Vya95, Vya95a, Vya96| that these lie all on a
line and the following linear relationship holds true:

InAd,=a+b-E, . (27)

This is the so called compensation effect with the compensation parameters a
and b. The interested reader is refered to the cited sources for a justification
of these equations.

Once the compensation parameters are known the conversion dependent
pre-factor can easily be determined by:

InAy=a+b-E, . (2.8)

2cf. eq. (2.3)
3For the temperature ramps of the dynamic DSC experiments as performed in this
work, this assumption is of course true.
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2.1.3 Calculating the Actual Kinetic Model

Above it is presented how the activation energy F, and the pre-factor A,
in eq. (2.1) can be determined. Since da/dt is known directly from the
heat flow data* eq. (2.1) can be re-arranged and used to calculate the actual
kinetic model which governed the curing reaction:

d -1

fla) = (a) [Aa - e_Ea/RT} . (2.9)
dat

The calculated kinetic function f(«) can than be plotted vs. a and can be

parametrized as the user wishes.

2.1.4 Heat Flow Measurements by Differential Scanning Ca-
lorimetry

Curing characteristics are typically measured with Differential Scanning
Calorimetry (DSC?). DSC is a versatile, well known and long established
material characterization method [Hoh03, Vyal4|. In the here presented
case DSC is used to determine the exothermic heat created by the curing
process of the thermoset polymer, as it turns from a viscous liquid into a
solid by cross-linking [Fav68, Kam73, Col91, Sch95a, Gon99, Mon99, Dup00,
Jen00, Sch02, Fri06, Fri08, McH10, McH16, CF17, Liul8|. It is assumed that
no other phase transitions occur absorbing or creating heat. Knowing the
characteristics of the progress of the curing reaction and the related energy
allows calculation of the release of heat in a given volume in finite element
simulations. In the following a brief overview of the DSC method will be
provided. More details can be found in [Hoh03].

A DSC apparatus is basically a chamber with a defined gas flow (often ni-
trogen) that contains two similar containers or pans on a constantan body.
A sketch of such a setup can be seen in the left image of fig. 2.1.

One pan contains the sample, the other is empty and acts as reference. The
temperature difference between both pans is directly proportional to the
heat flow d@/dt. In isothermal experiments the heating rate is constant,
while a temperature ramp is applied to both pans in dynamic experiments.
Temperature differences occur either when the temperature of the constan-
tan body is raised and the thermal inertia of the sample takes up more heat
(this happens for any material) or when phase changes occur. Examples of

“ef. eq. (2.3)
5Synonymously used throughout this work for the method differential scanning
calorimetry and the instrument used for it, a Differential Scanning Calorimeter.
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Fig. 2.1: Left image: scetch of a DSC chamber; Qs and Qs are the sample and reference
heat flow. Right image: an idealized DSC curve of a heat flow peak due to an
exothermic chemical reaction (taken from [Hoh03] and adapted).

the latter would be melting or transitioning from the glassy to the rubbery
state. However, none of these are relevant for the data and results presented
here. Another cause for a temperature difference are chemical reactions tak-
ing place in the sample pan®.

A DSC curve shows the heat flow over time (or temperature in dynamic
experiments). A curing reaction exhibits an exothermal heat flow peak over
a baseline. A simplified sketch is shown in the right image of fig. 2.1. The
baseline is the heat flow during steady state conditions [Hoh03|. The peak
above the baseline is the total heat of curing Qiota;. By integrating eq. (2.3)
the time (or later temperature) dependent degree of cure a can easily be cal-
culated directly from the DSC measurements. How the baseline is obtained
is described in paper I.

2.2 Experimental Methods

2.2.1 Material Information and Preparation Prior DSC Ex-
periments

The project partners that provided the the resin and the hardener could not
provide any details about the material except that it was a polyurethane
with fillers. It was supposed to exhibit low cure shrinkage and supposedly
no chemicals were added to enhance the cure velocity. The resin and the fully
cured material were pitch black. Resin and hardener were mixed according to

6As in the case of a curing polymer described in this thesis.
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manufacturers recommendations. Two additional material properties needed
to be obtained for the simulations. The first is the termal conductivity A.
It was linearly dependent on the temperature between 280 K and 350 K:

A=[0.242-107°T +0.378] W/(m-K) . (2.10)

The second property is the heat capacity c,. It was determined that the
conversion dependency of ¢, is negligible and in the investigated temperature
area it showed also a linear dependency:

cp = [0.26 +3.01-107°T] J/K (2.11)

Further it was determined that the temperature behaviour of the whole ma-
terial is governed by the inert fillers and thus it is independent of the degree
of cure.

More details regarding the preparation of the material before the experi-
ments and the heat capacity can be found in paper L.

2.2.2 General DSC Setup and Procedures

A Discovery DSC 250 from TA Instruments with a TRIOS software package
and TZero Pans with TZero hermetic lids were used to acquire the neces-
sary DSC data. The mass of the samples was ca. 10mg. Seven isothermal
and ten dynamic experiments were performed. In isothermal experiments
the sample was held for a certain amount of time at a given temperature.
In dynamic experiments the sample was heated from 292 K to 423 K with
different heating rates and then held at 423 K for 30 minutes to allow them
to reach 100 % conversion. A sketch of these two general principles can be
seen in fig. 2.2.

The exact procedures how the DSC data was collected and important ex-
perimental parameters can be found in paper I.

2.3 DSC Results

For an interested user of the methods presented here it has to be pointed
out that all of the results in connection with the isoconversional method pre-
sented below can be calculated with just dynamic experiments. However,
since the material investigated was supposed to be slow curing, it was ex-
pected that the simulations are rather isothermal-like from one time step to
the other than with fast rising temperatures as in dynamic DSC experiments.
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Fig. 2.2: General sketch of the temperature development during the isothermal (left
image) and dynamic (right image) DSC experiments presented in this work.

Hence, isothermal experiments were performed as a control measure on how
good the determined parameters are. Since the isothermal data was avail-
able all later presented calculations were performed with it and the results
did not change significantly. This will be shown for the activation energy
and the actual kinetic model. However, a minor differences compared to the
dynamic results, was the activation energy for low conversions. Again, since
the data was available this result was not rejected, since it allowed to easily
get sligthly better simulations. This will be discussed in the appropriate
sections.

In addition the first and most simple approach was in this case to perform
isothermal measurements and use regular curve fitting to determine the ki-
netic parameters. As described below this did not yield a definite kinetic
triplet and lead to employing the isoconversional method.

2.3.1 Isothermal and Dynamic Experiments

In fig. 2.3 the measured heat flows and corresponding conversion” are shown

for two representative isothermal experiments and all dynamic experiments.

The lower left image of fig. 2.3 shows that the material more quickly reaches
higher conversion at higher temperatures, as was to be expected according
to eq. (2.1) since the Arrhenius term increases with higher temperature.
Thus, at higher temperatures more heat is released early in the experiment,
as the upper left image of fig. 2.3 shows. Hence, at lower temperatures the

"Calculated according to eq. (2.3); cf. also the right image in fig. 2.1.
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Fig. 2.3: Upper row: DSC heat flows for two representative isothermal experiments (left
grpah) and all dynamic experiments (right graph) at the given temperature or
heating rate. Lower row: Time Development of the conversion of the corre-
sponding experiments shown in the upper row. Left column: development of
the heat flow / conversion for two selected experiments over the first day of the
isothermal experiment at 293 K and the first 1000 minutes for the isothermal
experiment at 323 K. Right column: development of the heat flow / conversion
during the temperature ramp of the dynamic experiments.

amount of heat released at any time is smaller than at higher temperatures,
but heat is released over a longer periode. This is exemplary shown on two
heat flow curves in the upper left image of fig. 2.3. The heat flow signal for
the experiment at 323 K falls below the heat flow curve for the experiment
at 293K after approximately 70 minutes. In the former experiment 100 %
conversion is reached after ca. 500 minutes and no heat flow is measured any
longer, the signal reached baseline niveau. In the latter experiment 100 %
conversion is not reached before ca. 2000 minutes.

For the dynamic experiments it can be seen that the position of the heat flow
peak occurs at higher temperatures for higher heating rates. The reason for
the right shift of the peak in the temperature dependent dynamic data is the
following: at slower heating rates the material spends more time at lower



2.3. DSC Results 17

temperatures and reaches higher conversion earlier, temperature-wise. The
Arrhenius term in eq. (2.1) still increases with rising temperature. Thus,
the reason for a decreasing heat flow is to be found in f(a). As said above
f(a) = (1 — a)™ is often assumed as the kinetic model to describe polyure-
thane. Hence, f(«) decreases with increasing conversion. Temperature-wise,
the heat flow peak occurs earlier in slow heating rate dynamic data, because
the decreasing kinetic function “outpaces” the increasing Arrhenius term.
The isothermal and dynamic data shows quite different curing behaviour at
different temperatures and heating rates. Any set of model parameters must
be able to characterize this wide range of curing behaviour.

2.3.2 The Kinetic Triplet Determined with Regular Func-
tion Fitting of the DSC data

As stated above is regular function fitting of DSC data the most straight-
forward method to determine the kinetic parameters. Regular fitting of the
isothermal data according to eq. (2.1) with f(a) = (1 — )" leads always
to very good agreement between the data and the fitted curves and yields
values for A, F and n. However, these parameters are very dependent on
the initial guesses for the fitting algorithm. This is shown for the experiment
at 353 K in the left image of fig. 2.4.
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Fig. 2.4: Left image: the isothermal dataset at 353 K fitted with a second order kinetic
function and different initial guesses for the parameters. Despite differences
of several orders of magnitude in A and F is the data fitted so well, that the
different fits overlap each other and the data. Right Image: activation energy
and reaction order determined from dynamic data utilizing regular function
fitting.

Regular fitting of the dynamic data is more robust regarding the initial
parameters and leads also to a good agreement between the measured heat
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flow and the fitted curves. However, the determined activation energies and
reaction orders are dependent of the heating rate which should not be the
case. This is shown in the right image of fig.2.4. Thus one set of kinetic
parameters determined for one heat flow curve do not describe a heat flow
curve for a different temperature or heating rate. Such ambiguous values for
the kinetic parameters are unsatisfactory and were the reason why the above
described isoconversional apparatus was employed to determine a definite
kinetic triplet which describes all types of curing heat flow curves of this
material.

2.3.3 Activation Energies Determined With the Isoconver-
sional Method

The activation energies, determined by eq. (2.4) can be seen in fig. 2.5.
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Fig. 2.5: Left image: activation energies determined with eq. (2.4) from the dynamic
data. Right image: Activation energies determined by both, the isothermal
and dynamic data for a < 50 %.

The left image in fig. 2.5 reveals two things: a more or less constant activa-
tion energy for a < 50 % which is diverging above this value. Stanko and
Stommel report in [Stal8] the same behaviour for fast curing polyurethane
resins. However, no explanation is given why the activation energy diverges.
In paper I we present data with evidence for a weak high energy process.
This process contributes to the measured heat flow at high temperatures and
may be responsible for the diverging activation energy. This process does
not occur at low temperature, thus not at low conversion. Therefore, at high
temperatures a compound activation energy is determined — one value for
the actual curing process and the process responsible for the second peak.
For the simulations it turned out that it is most practical to use a constant
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activation energy for o > 50 % of 44.2 KJ /mol.

In the right image in fig. 2.5 it can be seen that for o > 20 % both types of
datasets (isothermal or dynamic) yield virtually the same activation energy,
as mentioned earlier. However, below 20 % conversion the determined values
for E, differ sligthly from each other, but never more than ca. 4%. Such
differences in the activation energy for low conversion have been reported for
other types of thermosetting polymers [Vya00, Sbi02| and were attributed
to changes in the viscosity of the material. However, investigations of the
issues around this matter would require more experiments and are out of
the scope of this work, especially considering that the differences are rather
small.

As mentioned above is it not expected that the temperature in a large cast of
the material rises as fast as is characteristic for the dynamic experiments. It
is however expected that stepwise isothermals in a simulation describe the
material more accurate. Hence, the development of the activation energy
was described with a second order polynom

Eo = [42.4 4 17.4a — 27.90%] kJ/mol (2.12)

which was used in the simulations presented below.

Lastly, it shall be mentioned that the determined activation energies are not
dependent on the initial guess used to minimize eq. (2.4). Thus, one of the
problems in connection with regular fitting is solved by the isoconversional
method.

2.3.4 Determining the Compensation Parameters

Using the compensation effect as described in section 2.1.2 the compensation
parameters a = —2.63mol/J and b = 3.32-10~% could be determined. More
details can be found in paper I.

2.3.5 The Actual Kinetic Function

In fig. 2.6 the actual kinetic function f(«), calculated from eq. (2.9) with
two representative datasets, can be seen.

The values of the black points in fig. 2.6 were calculated using a dynamic
dataset, whereas the values of the red squares were calculated with an
isothermal dataset. These two curves are representative for all the ki-
netic functions, calculated with the data from the ten dynamic or the seven
isothermal experiments. As expected is the kinetic function best fitted with
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Fig. 2.6: Two representative actual kinetic functions for the unknown material under
investigation, calculated for a dynamic (black points) and an isothermal ex-
periment (blue squares) according to eq. (2.9).

a n-th order equation, ignoring the first 6 %. However, the n-th order equa-
tion has to be multiplied with a factor, which was called P:

F@=P-(1—a)" . (2.13)

The values of P = 3.275 and n = 2.023 are the mean values of the parameters
determined by fitting all actual kinetic functions, that were calculated using
the dynamic datasets, and fitting them for o > 6 % with eq. (2.13).

As already mentioned, the shape and magnitude of the kinetic function was
little influenced by the concrete set of activation energies (isothermal or
dynamic) used to calculate it.

A n-th order equation does not fit the calculated kinetic functions below 6 %
since said equation can not reach a value of zero if « approaches zero. An
autocatalytic kinetic model could fit such a behaviour. However, the shape
and maximum value of such a function did not agree with the data as well
as the n-th order equation that was finally used.

At this point the user of the above described method has to decide how
much effort she or he intends to put into determining the true kinetic model.
Stanko and Stommel for example used for fast curing polyurethane resins
the more complex 3D diffusion model [Stal8]. In principle no additional
experiments are needed to determine a more accurate description of the
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actual underlying chemical model. However, for the more practical approach
of this article, ignoring the first 6 % of conversion and using the n-th order
eq. (2.13) is better suited. This is especially true in view of the good results
of the simulations presented below.

2.3.6 Prediction of the Heat Flow

To test the validity of the results the heat flow in the DSC experiments was
calculated every 0.1 seconds according to equation (2.1) and with the deter-
mined kinetic triplet as presented in the previous sections. As we show in
detail in paper I the predicted and measured values agree very well, no mat-
ter the heating rate or isothermal temperature. Thus the goal to determine
one definite kinetic triplet to describe the curing of the polyurethane under
all conditions was reached.

2.4 Finite Element Simulations and the Control Ex-
periment

In the above sections it has been show how the parameters to describe the
progress of the curing process were determined using the proposed isoconver-
sional method. Thus finite element simulations were carried out to simulate
the curing process in a large block of the material. The results of the simu-
lation were compared with the verification experiment.

2.4.1 Setup of the Large Cast Control Experiment

A rectangular brick® with a volume of 200 x 200 x 60 mm?® was molded to
emulate a large-scale commercial cast. A mould of stainless steel (thickness:
2mm) was constructed to hold the resin.

The mixing of the material and the experiment were performed at 303 K.
Due to technical issues the mixture sat still in the bucket for an unknown
amount of time (less than 15 minutes) before it could be poured into the
mold.

The temperature development during the progress of the curing reaction was
measured by embedding twenty temperature probes into the material. In
fig. 2.7 the position of the sensors with respect to the point of origin in the
simulations can be seen.

80f the same polyurethane material as already described in section 2.2.1.
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Fig. 2.7: Position of the temperature probes in the casted polymer block. Point of origin:
center of the 20 x 20 x 6.cm® block. For better visualization the size of the
probes is greatly exaggerated (real probe diameter ca. 2mm).

The interval between two subsequent temperature measurements was either
15 min or 3min, depending on wether the temperature in the middle of the
block was below or above 313 K.

More details regarding the experimental setup and procedure can be found
in paper I.

2.4.2 Details Regarding the Finite Element Simulations

A finite element analysis was set up to simulate the curing behavior and
to predict the temperature developments of the casted block during curing.
The program for finite element simulations was Abaqus 6.14-1 from Das-
sault Systémes Simulia Corp. All units of the used variables were stated in
SI units. A mesh size of 0.005 was used for the simulations.

For the material properties the temperature dependent thermal conductiv-
ity, the specific heat? and the density at room temperature were used.

No mechanical boundary conditions were applied since a heat transfer prob-
lem was simulated. An appropriate initial temperature and degree of cure
value was applied to all nodes of the mesh (see detailed description below).
To simulate convective heat transfer in air on the surface of the body, a
surface film condition interaction was implemented in the model. The sink
temperature and film coefficient were chosen appropriately, dependent on
the simulated conditions.

9¢f. section 2.2.1
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The simulation of the generation of heat due to curing is done with the
HETVAL user subroutine. The routine was used in connection with the
conversion in each nodal point as solution dependent variable. To initialize
the solution dependent variable the SDVINI user subroutine was utilized
which is called once at the start of the simulation. The HETVAL user
subroutine reads the temperature and degree of cure in each nodal point.
Then it calculates the progress of a during the last time step according to
eq. (2.1). The heat generated per cubic meter and time for the given step is
then calculated according to eq. (2.3). The FLUX(1) variable of the HET-
VAL subroutine is set to this value. Abaqus is then able to calculate the
distribution of the heat without further input. A complete list of all input
parameters is given in paper 1.

Since the experiment consisted of two steps (mixing in bucket and the ac-
tual experiment in the mould) these two needed to be simulated. First the
mixing in the bucket with the buckets geometry and 29757 elements was
modelled to determine the initial degree of cure for the simulations of the
actual experiment. For this simulation the initial node temperature was set
to 303 K, since the resin was pre-heated, and the surrounding temperature
was 296 K. The (surface) film coefficient was set to 10 W/m/K, due to the
fact that the heat transfer coefficient for convection in air with a low velocity
is ca. 10 W/m/K [Wel08]. The initial conversion was set to zero. The core
temperature of the bucket-simulation was the control parameter to deter-
mine the initial degree of cure to be used in the block-simulation. When the
core reached a temperature of 314 K (the very first temperature measure-
ment), the conversion of said bucket-core was used as initial value for « in
the simulations of the block. The mixing process itself was not modelled.
Secondly the actual experiment was simulated with a block of 20 x 20 x 6 cm?
and 19200 elements. The initial temperatures at the nodes was set to 314K
(the first measured temperature value) and the initial degree of cure was
set to the value determined in the bucket-simulation. The surrounding tem-
perature was set to 303K but for the film coefficient a value of 20 W/m/K
was used. The latter because the heat flux is proportional to the surface
area [Wel08| and the walls of the steel mold in the control experiment were
higher than the poured material, thus acting as cooling fins. This additional
surface area amounted to approximately a factor of two. Since the mould
is not modeled, this area dependency of the heat flux is put into the film
coefficient.



24 Simulating the Curing Process of a Polymer

2.4.3 Simulation of and Actual Temperatures in a Casted
Polymer Block

As stated in section 2.4.2 a finite element simulation of the material in the
bucket, after mixing the components, was performed first. In fig. 2.8 the
results for one step of this simulation can be seen.

Temperature (K) Degree of Cure (%)
3140 3122 3104 3085 3067 3048 3030 231 193 134 116 7T 3.0 0.0

77 FFFT T
I B £ e

time after start:
17 min 33 s

Fig. 2.8: Cut through the cylindrical body of the finite element simulation of the mixed
material in a bucket prior the control experiment. Left image: temperature
distribution throughout the simulated body. Right image: conversion of the
simulated material. The time information is valid for both images.

The time step of the shown finite element simulation is 17 minutes and
33 seconds since this was the moment when the core of the simulated cylinder
reached the value of the very first temperature measurement (ca. 314 K). At
this point the degree of cure of the core (right image in fig. 2.8) was ca. 23 %.
This value was used as input parameter for the simulation of the curing pro-
cess in the actual mould which contained the temperature sensors. One step
of these simulations can be seen in fig. 2.9.

Since the conversion can not be measured directly, in-situ, in a large body
the temperature development has to act as a proxy for information about
the ongoing curing progress. In fig. 2.10 the measured and simulated values
of all sensors are shown.

Taking into account the uncertainties about the material and that mean val-
ues from the above described investigations were used, it can be stated that
the measured and simulated temperature values agree well with each other.
Most interesting for engineers wanting to identify hot-spots in the material
during the cure is the periode when the temperature is rising and when it
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Temperature (K) Degree of Cure (%)
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Fig. 2.9: Cut through the finite element simulation of the control experiment to simulate
the curing of the material. The cut goes parallel to the y-plane along the
position of the temperature sensors 11-15 (cf. fig. 2.7). Left image: Simulated
temperature distribution. Right image: conversion of the simulated material.
The blue points mark the position of temperature probes 11 to 15.
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Fig. 2.10: Measured (points) and simulated (lines) temperatures for a 20 x 20 x 6 cm®-
block of material at the positions of temperature sensors 11 to 15 (cf. fig-
ures 2.7 and 2.9).
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reaches its highest value. The simulation predicts the peak temperatures
within an error of max. 3K. In addition the (timewise) peak positions and
the differences for sensors at different positions are predicted very well. The
simulated body cools slightly faster than the actual material in the experi-
ment, but the overall dynamic of the temperature development is predicted
correctly over three orders of magnitude in time. One minor disagreement
can be seen between the simulated temperature and the actual measured
temperature. From a purely physical point of view, the material closer to
the edges of the block!? should exhibit the temperature peak earlier than the
material in the middle of the block; simply due to the vicinity to the colder
outside. The underlying physical model of the finite element heat trans-
fer simulation predicts this correct. However, a slight difference between
the peak positions of the measured and predicted temperature values is ob-
served for the temperature sensors near the edges. For the measured values
the shape of the temperature curves seems to follow the core temperature
and the temperature peak occurs for all positions at the same time. Such
behaviour was also observed in a different kind of thermosetting polymer
and is presented in paper I. Apart from that, the amplitude of the predicted
temperature agrees well with the measured values at all positions. Since
from an engineering perspective the prediction of the temperature values is
most important and because the deviation in the peak positions is just some
minutes (in an experiment over a day) the simulations can be considered a
success.

2.5 Summary

The results presented in the previous sections have shown that the kinetic
triplet describing the curing of a polymer can be obtained by straightforward
experimental DSC measurements. The parameters for the kinetic triplet of
the polyurethane polymer studied are summarized in table 2.1. This set
of parameters describes all measured data equally good. The parameters
are used as input to finite element analysis for predicting curing of casted
components.

The procedure described here allowed finding a consistent set of parameters.
The activation energy E, was obtained based on the isoconversional method,
the Arrhenius pre-factor A, was determined using the compensation effect
and the kinetic function f(a) was obtained by comparing the actual kinetic

1°E.g. the position of sensor S15.
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Table 2.1: Summary of the determined values, with «a as the conversion.

Parameter Symbol Value

total heat of reaction Qtotar 66.85J/g
activation energy for « <50%  E, [42.4 + 17.4a — 27.902] kJ /mol
activation energy for a >50%  E,  44.2kJ/mol
Arrhenius pre-factor A a+b-E,
compensation factor a -2.63mol/J
compensation factor b 3.32-1074

Q

kinetic function  f(a) P-(1—a)"
“power factor” P 3.275
reaction order n 2.023

function calculated with the correct activation energy and pre-factor with
known kinetic models for polymers. Regular curve fitting was than used to
determine the parameter P and n of said kinetic function.

The equations to obtain the parameters are simple as shown in the pre-
vious sections. However, performing all the required calculations against
experimental data is substantial but commercial programs or free and open
source software from common software repositories can be used for this task.

Some simplifications were made but these did not lead to major discrep-
ancies between the measurements and the simulations. The reader is refered
to paper I for details.

It is possible to evaluate each of the kinetic triplet parameters in more depth
and more accurately. Some indications on how this can be done were de-
scribed earlier. But the goal of this work was to describe the conversion
and the heat of curing during the molding process of components. A more
detailed description of the individual processes does not necessarily improve
the prediction of the progress of the curing of the material. Discrepancies
between the model and reality appear mainly at low curing rates and very
high curing rates. Both are not so critical for most molding processes. At
low conversion the polymer is still close to being liquid. At high conversion
the curing process is basically finished anyway.

The approach described here should be applicable to many other polymers
than the filled polyurethane described here. In contrast to polyurethane
is the cure of epoxy usually described with kinetic models containing more
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than one reaction pathway, and thus more than one reaction rate coefficient.
However, it has been shown that the isoconversional method can also be ap-
plied to determin the kinetic parameters in such cases [Vya00, Sbi02, Alz10,
Alz12, Sbil3].

If the kinetic triplet of a new polymer shall be investigated it is sufficient to
perform only the dynamic tests with a DSC. However, the double check of
the activation energy with dynamic and isothermal data is advantageous.

Many material properties are dependent on the degree of cure. Thus, cal-
culating the degree of cure is relevant for many applications and control of
production processes. In the following chapter 3 it is presented how the de-
velopment of the (cure) shrinkage of a polymer can be determined by embed-
ding optical fibers into the liquid material and monitoring the strain during
the curing process. If this dependency is known, another simple Abaqus
user subroutine (UEXPAN) can be used to simulate said cure shrinkage,
allowing more insight into the characteristics of a large polymer cast. This
illustrates that the isoconversional method as described above stands just
at the beginning of further possibilities.



Chapter 3

Investigation of Volume
Changes During the Curing
Process

3.1 Opening remarks

The previous sections showed how the parameters to describe the progres-
sion of the curing of a polymer can easily be determined. The simulations
that were carried out with the parameters for an unknown polyurethane ma-
terial agree well with the measurements of the control experiments. Since
the progression of the degree of cure in a cast can be calculated at each
position and for all times it should easily be possible to also simulate the
changes in volume due to cure shrinkage.!

Volume shrinkage of thermosetting resins during the curing or hardening
process is a well known phenomenon. Volume shrinkage may lead to the de-
velopment of residual stresses; these may subsequently lead to early failure
of the final product [Pra0l, Rui05, Mer06, Din16, Haol6, Knol7, Chel§].
The knowledge of the actual cure shrinkage at given regions of the product
is essential for finding remedies against failure of the part during manufac-
turing.

A multitude of techniques exist to measure volume shrinkage of polymers
during cure, but they either measure the average shrinkage of the entire part

!The program used for finite element simulations (Abaqus) utilizes another user sub-
routine — UEXPAN - for this purpose.
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or they measure local shrinkage at one or a few points. In papers II and III
an overview regarding these techniques is given.

Measuring strain with optical fibers using an Optical Backscatter Reflec-
tometer (OBR) has removed the above-mentioned problems. The OBR
method can use regular communication fibers. In short in OBR laser light
is sent into the fiber, and Rayleigh backscattered light will be analyzed
to calculate strain in the fiber. Backscattering happens at irregularities of
the fiber material. This means strains can be measured along the entire
length of the fiber, thus allowing to monitor large structures. It is basically
a long array of many individual strain gauges. OBR is a relatively new
technique. In the laboratory but also in the field it has been used in con-
nection with (small and large) structures for example to determine strain
fields under load, assess crack development or in general structural health
monitoring [Hen12, Vil13, Rod15, Gralb, Gral5ba, Berl6, Siel6, Siw18|.

To the authors knowledge, OBR has not been used so far to determine
the internal shrinkage of large polymer structures. One reason for not using
OBR for this application may be very noisy measurement results when using
the standard OBR’s analysis techniques. This problem was solved by the
development of a so far not utilized data analysis technique. The reader is
refered to paper II where the new analysis technique is described in details.
To gather information about the volume shrinkage development during the
curing process fibres were embedded in epoxy. One of the results was that
volume shrinkage is not uniform over a large cast of epoxy. Below the basic
principles of OBR, the measurement setup and the findings of these experi-
ments are described.

As mentioned epoxy, was used for the development of this method, instead
of the polyurethane described above. The epoxy was available in-house and
thus it was more feasible and practical to perform the necessary many ex-
periments. This epoxy has a completely different kinetic model than the
material which was analyzed above, however, due to time restictions this
was not further investigated. While the following chapters concentrate on
the characterization of said epoxy the newly developed method should be
applicable to many other material classes. The developed OBR method
allows monitoring the volume changes while these are happening, with a
spatial resolution of 1 mm and (in the here presented case) a time resolution
of three minutes.
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3.2 A Very Basic Theoretical Framework for OBR

3.2.1 The General OBR Principle

In OBR, a laser light pulse is sent into an optical fiber. Each fiber contains
natural characteristic impurities that lead to Rayleigh backscattering and
act as a “ fingerprint” of each part of the fiber. The returned backscattered
light and its arrival time are detected and recorded. Backscattered light from
parts of the fiber that are placed further away from the light source arrives
later at the detector than from parts close to the source. This time difference
allows localizing the reflected signal along the length. The amplitude pattern
of the backscattered light along its length is unique for each fiber.

3.2.2 Two Methods to Analyze OBR Measurements
3.2.2.1 The Regular OBR Analysis Procedure

Typically, the first record of the reflected light signals is done before a me-
chanical experiment is carried out on a sample creating a reference record,
a kind of record of all impurities and their locations. When the sample
is mechanically or thermally loaded, the impurities change their location.
New light pulses create new scattered light records from the impurities at
changed locations, changing the signal. Mechanical strains are subsequently
calculated by comparing the actual record with the initial reference record.
The result is the strain along the length of the fiber; it is called here a
measurement. The measurement gives under ideal conditions a sequence of
local strain values along the fiber with a spatial resolution of about 1 mm
and a strain resolution of as good as 0.001% [FM98].2 Additional detailed
information about the processes involved using such an instrument can be
found, e.g., in [Kre06, Sanl1].

3.2.2.2 The Running Reference Method

It is important to mention that while optical fibers are quite robust, mea-
suring strain with those has some limits because the Rayleigh backscattered
light is of relatively weak intensity. It is well known that so-called microbend-
ing of the fiber on the scale of just some micrometers leads to attenuation of
the light inside the fiber [Sak79, Gam79|. It can be reasonably assumed that
the properties of a hardening material on the micrometer scale may slightly

2Cf. section 3.3.2 regarding the spatial and strain resolution of the here presented
results.
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differ; e.g., due to small compositional or temperature changes. This may
lead to small, slightly softer or harder “ grains” , which press differently
on the fiber, thus inducing microbending which will lead to a diminished
detected signal. It is also known that higher loads lead to higher intensity
losses [Gar75|. An increasing load on the fiber and thus a decreasing signal
amplitude are to be expected during the hardening process due to the per-
manently shrinking volume of the material.

The proprietary OBR-software usually used to perform the strain analysis
uses a cross-correlation algorithm to determine the strain from the Rayleigh
backscattered light. In the traditional method, each record will be com-
pared to the reference record from before the experiment started. However,
the more the curing process has progressed, the higher the attenuation of
the signal due to increased microbending and load on the fiber. Thus the
above described traditional method how strain values are obtained using
OBR will fail to return meaningful strain values after a certain degree of
cure (or conversion) is reached. It is assumed that the cross-correlation al-
gorithm cannot function properly, due to the evermore diminishing signal
amplitude compared to the very first record. The diminishing signal leads to
the generation of random strain values when using the traditional analysis
method. This randomness has nothing to do with the regular shot noise,
but is rather caused by the above-described failing of the analysis procedure.

To overcome these limitations the so called running reference method was
developed to evaluate the OBR-data. In this method, each measurement is
compared to the previous measurement, in contrast to conventional OBR
where all measurements are compared to one reference. That means the
reference is different each time and thus the name of this technique.

This approach calculates initially only the strain difference between two
subsequent records Ae;_1_,;. As logic dictates, adding up these strain dif-
ferences between each measurement will yield the absolute strain eapsolute, m
for each measurement m:

m
Eabsolute, m = ZAfiflﬁi . (31)
1

The reference measurement taken before the experiment is ¢ = 1 and de-
fined to exhibit zero strain. It is shown in paper Il that capsolute, m is the
same as if the traditional method would have been used. In addition the
running reference method yields meaningful strain values in the cases in
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which the regular method fails. This is due to the fact that the differences
in the subsequent references and actual measurements’ amplitude records
are much smaller in the running reference method. Since the diminishing in
the Rayleigh backscatter signal from one measurement to the other is small
enough in the new proposed method, the cross-correlation algorithm can
function as intended. Thus, the running reference analysis method avoids
the circumstances leading to the generation of random values when using
the traditional method.

This method was utilized to collect all here presented OBR data. The in-
terested reader is refered to paper I regarding a detailed presentation and
analysis of the running reference method.

3.2.3 Expected Behaviour

The main anticipated general effects on the registered OBR-signal during
the hardening of the epoxy are schematically shown in fig. 3.1.

T T
elevated temperature leads to positive signal

positive

! before fibre and epoxy bond

zero strain state before experiment starts

fibre enters/exits the epoxy

cure shrinkage of the epoxy leads to

Signal
negative

negative strain after fibre and epoxy bond

after epoxy is fully cured, thermal

shrinkage leads to additional negative strain

T . oy I
0 Relative position end of

vessel

Fig. 3.1: A general sketch of the anticipated strain behavior of hardening epoxy. A
positive signal due to elevated temperatures is not to be interpreted as actual
strain.

Initially, the optical fiber is surrounded by liquid epoxy. Strains do not ex-
ist in the liquid, and no strains are transferred to the fiber. This state is
referred to a zero strain, and it is the same strain along the length of the
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fiber (horizontal gray line in fig. 3.1).

Due to the ongoing exothermic reaction, the fiber experiences an increased
temperature. This leads to a positive signal along the fiber (black curve
in fig.3.1). This positive signal however is not to be interpreted as actual
strain onto the fiber but as a temperature. To compare the actual strain
measurements and to easier assess the influence of the temperature, it was
chosen not to re-label and re-scale the ordinate but to rather denominate
this signal as apparent strain®. However, in paper III it is shown that the
influence of the temperature onto the signal is much smaller than the final
actual strain observed in the experiments.

As more chemical bonds form, the viscosity of the epoxy increases and
it gradually solidifies. The epoxy adheres to the optical fiber and trans-
fers forces and strain onto it at some point during the curing process.
Harsch et al. determined this point to be when gelation starts [Harll].
From the point of gelation onwards, the strain changes substantially. The
strain over the length of the fiber reaches large negative values (red curve
in fig. 3.1). Eventually, the sample has to cool down to room-temperature.
This will lead to thermal contraction and even higher negative strains (blue
curve in fig. 3.1).

It is expected that one of these mechanisms is always dominating during
the epoxy cure. However, it has to be kept in mind that cure shrinkage
and the thermally induced (apparent) strain changes also take place at the
same time. In these cases, the contribution of each mechanism may not be
separable from the actually measured strain. Such occurrences are discussed
below.

3.3 Material Information and Experimental Setup

3.3.1 Material Information

As stated above, an epoxy was used for the studies presented in this chapter.
Epoxy is a two-component polymer. The two components are mixed, and
the epoxy is cast into a form. The two components react with each other,
forming chemical bonds. This creates a network of bonds, and the epoxy
turns into a solid block of material. The curing reaction is exothermic, i.e.,
heat is released. The forming of the bonds reduces the volume of the mate-
rial, the so-called cure shrinkage.

3Cf. fig. 3.3 and accompanying text.
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A mixture of ten parts Epikote Resin MGS RIMR 135 and three parts
Epikure Curing Agent MGS RIMH 137 was used as epoxy [Hex06]. De-
gassing took place for 30 min directly after the epoxy was mixed. Afterwards,
the still liquid epoxy was poured into metal molds of different length*. The
resin and the curing agent reacted with each other and a solid block was
formed after about 4-7 h, depending on the amount of epoxy. More details
about the material can be found in paper III.

3.3.2 OBR Strain Measurement Setup

The cure shrinkage of epoxy was investigated by embedding an optical fiber
into the liquid epoxy and monitoring the change of the strain signal at certain
time intervals.

Several experiments with different lengths/volumes were performed. Brick
shaped metal molds were chosen for the study. All molds were made of
stainless steel and had a height of 10cm. The walls of the molds were not
specially prepared to avoid attachment of the epoxy. However, the epoxy did
not bond to the walls since in none of the experiments signs of attachment
to the walls were found. The epoxy filling height was kept constant at 6 cm
for all experiments to rule out a possible influence of this parameter. In
table 3.1, the details regarding the different molds are stated. In the text,
samples are referenced according to the length of the mold. The general
setup 1s shown in fig. 3.2.

Table 3.1: Details of the setup for the different experiments. Epoxy Filling
height was always 6 cm.

Dimensions Mass of No. & Position of
(1-w-h, cm?) Epoxy Temperature Probes
10-10-6 0.6 kg 5, random position
20-20-6 2.6kg 5, random position
40-10-6 2.6 kg 16, aligned above fibre
60-10-6 3.9kg 24, aligned above fibre

In the lower image in fig. 3.2, a black thread visualizes the position of the
optical fiber. By leading the fiber through two small holes at each end of the

4¢f. section 3.3.2
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length: 10, 20, 40, or 60 cm !
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Fig. 3.2: Schematic of the experimental setup for OBR measurements (upper image).
Photo of an empty 40cm long steel mold (lower image). To visualize the
position of the optical fiber, a black thread was added. It was taken out before
the actual fiber was inserted.

mold, the fibers were held in a horizontal position (usually) in the middle of
the epoxy and about 3 ¢m high. To prevent the epoxy from seeping through
the holes, the holes were sealed with rubber from the inside. The rubber did
not encumber the movement of the fiber along the vessels axis. Due to the
sealing from the inside, it was made sure that the fiber was at no time in con-
tact with the steel, not even indirectly due to hardened epoxy inside the hole.

To measure the temperature, the same temperature probes were used as for
the polyurethane described in section 2.4.1 were embedded into the epoxy.
The same DSC instrument as described above in section 2.2.2 was used to
determine the development of the conversion for a given experiment. A tem-
perature program which was equal to the measured mean temperatures in
the given experiment was used to heat and cool the sample. More details
about the experimental setup can be found in paper III.
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3.4 Results and Discussion

3.4.1 Six Stages of Curing

In table 3.2 the observed behavior of the epoxy during cure is summarized.
The curing can be defined to consist of six separate, identifiable stages.
To the observations contribute mainly stages IT (before gelation), IV (after
gelation) and VI. Stages III and V are of short duration and governed by
overlapping effects of the stages before and after.

The stages of curing, outlined in table 3.2, are justified due to the following
reasons.

e Stage I is obviously the start of the curing reaction. This stage exists
directly after the mixing of the components. Even if measurements
would be possible it cannot be distinguished from early stage IT mea-
surements. For all practical reasons, it is the OBR zero strain state.

e In stage II, the epoxy is still liquid and not gelated. Thus, no me-
chanical strain is acting upon the optical fiber. However, the ongoing
exothermic reaction leads to a rising temperature. This in turn leads
to a positive OBR signal which is to be interpreted as temperature
and not strain.

e Stage III is the point of gelation. In the temperature measurements,
no change in behavior is indicated by reaching this point. However,
if the OBR-signal is interpreted as temperature before reaching this
point, the OBR values start to deviate from the temperature values
determined with independent temperature probes after passing this
point. In accordance with the theory, this happens at approximately
60 % conversion.

e Stage IV is defined by the still rising temperature due to the ongoing
(and probably accelerating) curing reaction.

e Stage V distinguishes itself from the previous stage by the fact that
the temperature reaches a maximum and stays at this value. The
conversion advances but the chemical reaction is slowing down.

e In stage VI, the conversion is so high that all ongoing reactions are
so slow that just minute amounts of heat are released and the whole
regime is governed by the cool down of the sample. For all practical
purposes, the epoxy can be seen as “fully cured” .



Investigation of Volume Changes During the Curing Process

38

ou amjerodud) OO 0} 3UI00D o8euLIys ou 1A
ou aInjerodud) WNUWIXLW ou SoA A
S0k WNUWIXRUW O} SOSLIIIUL uotsuedxo SoA Al
SoA Linjerodwo) Uo1ye[As,, JURASTDI SOU0D9(q JURASTI SOUW0I] III
SoA SOSBDIOUL JuRAS[DI JOU JueAS[DI JOU I
SoA anjerodwo) WOOI JuRAS[DI JOU JueAS[DI JOU I
Pojeald jeoy aanjerodwo], PBEULLYS /OIS OBRULIYS o8e)g
-uedxo [ewIoy T, 2In))

%C6 < aanjeroduo) pue urer)s SOA uMOp [00) IA
%G6 — 08 ~ ounjeroduwd) pue urer)s S0k wnuqimby rewisyy, A
% 08 ~ 01 dn ainjeioduwo) pue ureI)s sok Sunmy) Iy Al

% 09 ~ aanjerodwo) pue urels SoA UuoIjR[er) III

SOSBAIOUL omjeroduroy (Surstr) ou gurmny) 9si1q 11
pmbrp oInjeroduoy ou 11019 1
9ITL) [#uSts g0 21qy reondo uor}diidsop 08e3g
JO 92139(] 0} Surpuog 110USg

JRT[] 1X0JU0D SIY) UL SUROUL JURAJ[I JON],, ‘AX0dd FULMD Jo sode)s o) SuLMp soanjes] Loy Jo Arewrming :z'¢ S[qeL

"S[Te3op I0J 1X03 o1} OS[R 09§ (uolsurdxo [RULIOY) A[Ied)
Ure)s PaInsesul 07 9)NqLIUO0D J0U $e0p 10 ‘(aSeyulIys aInd A[I1ea) YO YIHM Palnsealll aq j0U ued



3.4. Results and Discussion 39

The entirety of the phenomena are observed in all experiments. The jus-
tification of the above described six stages is presented in great detail in
paper III. Below just the observations from the largest sample are given
since these are representative regarding the differences from the expected
behaviour. The reader is referred to said paper for a full discussion of the
strain development in small and large samples.

3.4.2 Strain Development in Large Vessels

In the left row and the upper right graph of fig. 3.3 the strain development
during the different stages (outlined in table 3.2) can be seen for the 60 cm
sample. Due to the (small) influence of the temperature onto the OBR signal
is the ordinate labeled for these graphs as apparent strain. During stage 11
no mechanical strain is acting upon the fibre. The (apparent) strain values
are to be interpreted as temperature. The average temperature of the core
of the epoxy at the given times is visualized by gray broken lines. These
represent how OBR would interpret a temperature, with the given value,
acting upon the fibre as apparent strain.

In the lower right image in fig. 3.3 the strain profiles along the whole vessel
length after the cooldown to room temperature are shown for the 10cm, a
20 cm, the 40cm and the 60 cm epoxy block. Since no (raised) tempera-
ture is acting upon the fibre, is this signal the real strain, compared to the
unstrained stated before the epoxy was poured into the mould.

During stage Il the readings are positive and to be interpreted as temper-
ature. The average temperature in the center of the samples determined
by the temperature sensors (gray lines) and by OBR agree reasonably well.
After the epoxy gelates, real strain is transfered onto the fibre (stage IV). In
general the strain values increase further and can not be interpreted as pure
temperature readings any longer. The latter is displayed by the mismatch
between the OBR- and the average core temperature values.

At the beginning of stage V the OBR-readings reach their maximum pos-
itive value(s). The OBR-curve shows a distinguishable “M” -shape. This
is markedly different to the expected plateau-shape. During stage V the
OBR readings decrease and the OBR-curves develop a “bathtub” -shape,
as expected. The average “bottom”-strain-value of this “bathtub” is for all
samples between -0.08 % and -0.12 %.

During stage VI the strain values decrease further and reach values more
than an order of magnitude lower then at the end of stage V. For the small-
est sample the shape of the strain curves develops as expected and outlined
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Fig. 3.3: Development of the (apparent) strain values during the curing process over
the whole length of a 60 cm long mould for different times after the experiment
was started. Upper left image: stage II and IV. Grey broken lines mark the
avarage core temperature of the epoxy at the given time (cf. text). Lower left
image: stage V, upper right image: stage VI. Lower right image: Comparison
of fully hardened epoxy samples that were cured in moulds of 10 cm (black
dots), 20 cm (red squares), 40 cm (olive diamonds) and 60 cm (blue triangles)
length. All measurements are taken after the samples cooled down to room
temperature approx. 1900 min after the experiments started.

in fig. 3.1. The reader is referred to paper I1I for details. However, the strain
along the length of the 60 cm vessel develops a distinct “W”-shape. On the
one hand, the strain at the sides of the vessel develops approximately as
for the 10cm sample. On the other hand the strain in the core area de-
creases much less and a plateau-like structure forms between ca. 100 mm and
450 mm. Both of these effects lead to the appearence of valley like structures
between ca. 18 mm to 50 mm (mirrored at the other side of mould).
The final strain state of all the experiments, after the samples cooled down
to room temperature, is shown in the lower right graph of fig. 3.3. The strain
in the smallest sample of 10cm length (black dots) developed a “bathtub”
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shape, as expected. The “bottom of the bathtub” has an average strain value
of -1.41 % in the middle area (core) of the sample.

However, the strain in all large samples is markedly different. After the ini-
tial slope a valley like strucuture appears with a mean length of ca. 2cm. In
these valleys the largest negative strain values occur which are remarkable
equal for all larger samples. With a mean value of -1.70 % it is comparable
to the value for the 10 cm sample. However, for the large samples a strain
plateau is formed in the core of the sample with a mean strain value of -
0.96 %.

A comparison of the strain curves shows that within reasonable limits the
characteristics® of these two anomalous features (strain-valleys and -plateau)
can be considered independent from the size of the sample as long as it has
a length equal or larger than 20 cm. Thus the 10 cm sample should be con-
sidered as the actual exception from the rule. These results are discussed in
more detail and a possible explanation of this behaviour is given in paper III.

The discovery that the strain is not uniform was just possible due to two
things which, to the authors knowledge, had not been done before. Firstly,
the investigation of samples which were considerably larger than usually
in laboratory experiments. Secondly, due to the use of OBR and embedded
fibres, which enabled the determination over the whole length of the sample.

’The minimum strain value in and the width of the strain valley, the slopes of the
strain gradients, the mean strain value of the plateau and the position at which the same
starts.






Chapter 4

Conclusions

4.1 Cure Modeling

The prediction of the degree of cure, the associated heat and temperature
increase during the curing of a polymer was successfully done by using a
standard finite element program with the so called “kinetic triplet” as input
parameters. The kinetic triplet are the activation energy, the Arrhenius pre-
factor and the kinetic function, which describes the chemical reaction. The
three parameters could be obtained with standard DSC equipment. The
data were analyzed with the model-free isoconversional method combined
with the compensation effect. The same set of parameters allowed predic-
tion of cure behavior over two orders of magnitude of time and at a curing
temperature range from room tepmerature up to 420 K. The parameters ob-
tained with this method were checked against DSC data and more important
the curing of a large polymer block of 200 x 200 x 60 mm®. Agreement be-
tween the simulations and measurements for the (DSC) was within a relative
error of ca. 10 %. Temperature measurements in the large block were accu-
rate within 3 K. The timing of the peak temperatures was predicted within
3minutes in the core of the block and 9 minutes at its edges, while the whole
simulation spanned more than 13 hours.

The overall process can be easily applied and can be summarized in the
following few steps.

e Perform a number of dynamic DSC experiments (cure + immediate
post cure) to gather the heat flow raw data.

e Subtract the post cure data from the cure data to get the correct
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baseline and heat of reaction.

e (Calculate the kinetic parameters. The thesis gives the required equa-
tions to determine the total heat(s) of reaction, the activation energy
via the isoconversional method, the pre-factor via the compensation
effect and the actual kinetic function.

e Said actual kinetic function needs to be compared to existing models
or parameterized individually.

o All the gathered information can then be used in a simple finite element
simulation with a program of the user’s choice.

Some simplifications were made when describing the parameters character-
izing the cure reaction. The simplifications were important to reduce the
computational effort and to make the method applicable over a wide range
of application cases. Due to the integrating nature of the analysis these sim-
plification do not reduce the accuracy of the predictions significantly, which
was confirmed by the good agreement with the experiments.

4.2 Measuring of Volume Changes During the Cur-
ing Process

When the conversion is known for each time and location also the ther-
mal and cure shrinkage of a polymer during cure could be calculated in
a finite element analysis. With the framework laid out above, the former
condition can be met without larger challenges. However, this leaves the
question open how the volume shrinkage actually develops inside a polymer
cast. Until this work this question was answered with just limited informa-
tion content. Usually just punctiform or full volume strain information was
available with established measurement methods. The second part of this
thesis shows how Optical Backscatter Reflectometry was successfully applied
to measure strains during curing in large and small blocks of a hardening
material (epoxy). New and unexpected curing behavior was found, made
possible by the high spatial resolution of this method.

The following is a summary of the results for the epoxy that was used in
these studies.

e The OBR method gives qualitatively the same consistent results com-
pared with point measurements on small samples using fiber Bragg
gratings [Har07, Kar09|.
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e The OBR method gives considerably more information than previous
point measurements, because it yields the strain along the whole length
of the fiber reaching from the edges to the center of the specimen, or
wherever the fiber is put.

e The curing strains inside a small and large epoxy block behave differ-
ently.

e For small samples, the measured strain along the middle axis of a cur-
ing epoxy block behaves as expected from previous studies using other
strain measurement methods. The strain profile develops a “bathtub”
shape, which is preserved during the cool down of the sample.

e For larger specimens (20 to 60cm long), curing strains do not show
a bathtub-shape but they describe a “W-shape” during the cooling to
room temperature. The strain on the sides behaves similar to the
known observations from small samples. However, a strain-plateau
develops in the middle approximately 5cm to 8cm away from the
sides that was not identified before. The strains in the plateau region
were notably different from the sides of the large specimens and they
also did not correspond to strains measured on small samples.

The method and results presented can be directly applied to casting large
parts with polymers, e.g., electrical transformers or transformer bushings.
The method described allows direct monitoring of strains within casted com-
ponents which are larger than samples that are usually used in laboratory
experiments and thus may be more realistic approximations of technical
applications. Such measurements can be used to verify models and simu-
lations describing the curing process in large structures. This may help to
improve manufacturing processes without cost-intensive experiments at real
structures. It should also be possible to extend the monitoring technique
to other polymer based applications where thick and large parts are made,
such as the roots of wind turbine blades made of fiber-reinforced polymers.
In general this method should be appicable to other kinds of hardening ma-
terial, e.g., cementatious structures.

The software [Sofl18b| which was written to automatize all calculations in-
volved with the running reference analysis of OBR measurements and all
OBR data presented in this thesis [Raw18b] are provided to potential users.
The programs come with a detailed documentation how to use them and
the source code is extensively commented. This allows the potential users
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to utilize the proposed methods without further ado. The programs are
published under the GNU General Public License [GPL18|, which is a free
software license. This allows the users to use and modify the source code
in whatever way it suits their cases best. She/he can do so without asking
the authors permission. It is the hope of the author that this encourages
interested scientists and engineers to apply the here presented OBR methods
more often by providing the software under this license.

4.3 Summary

In this thesis two things have been shown.

Firstly, the isoconversional method, in connection with the compensation ef-
fect, can be used to obtain the chemical parameters of an (mostly) unknown
polymer. This enables an engineer to simulate the curing process of large
casts of said polymer. It has been shown that simulations and experiments
agree well with each other.

Secondly, it has been presented that embedded fibres, in connection with
OBR measurements, allow an engineer to determine volume changes inside
a large cast over the entire length of the sample. During such experiments
it was discovered that small and large samples show a different beahaviour.



Chapter 5

Future Work

In this thesis, the kinetic parameters of an unknown polymer were deter-
mined using the isoconversional method. This was the basis for the simu-
lation of the curing process of said material in a large cast. Additionally
a method to to measure volume shrinkage during the curing process using
embedded optical fibres and OBR was established. The latter was tested
with an epoxy.

Due to practical reasons the method for volume shrinkage investigations was
developed with an epoxy which was available in house and thus more ac-
cessible. This is a different thermoset polymer than the one for which the
kinetic parameters were determined and cure simulations were performed,
a polyurethane. Time constraints lead to the fact that neither the kinetic
parameters could be determined for the epoxy, nor the volume changes dur-
ing the curing process could be investigated for the polyurethane. However,
the basis to do these final step is laid out and requires just the application
of the methods presented in this thesis. Immediately four tasks for future
works come to mind.

e The OBR method should be used to investigate the progress of volume
changes in the unknown polymer utilizing simple, block shaped casts.
This will greatly enhance the knowledge gain of curing simulations.
The Abaqus user subroutine UEXPAN is almost as simple to use as
the user subroutine HETVAL which was utilized to evaluate the heat
flow. Thus implementing volume changes into the simulations is a not
too complicated task.

o After the above is implement the simulations should be tested with ac-
tual large casts structures, while monitoring the curing process in said
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Future Work

cast via temperature senros and optical fibres. Relevant engineering
applications will greatly benefit from the here laid out methods.

The third task is in connection with the epoxy which was used to
establish the OBR method to investigate volume changes during cure.
Since the volume changes during the curing process are already known,
it is logical to utilize the isoconversional method to deterime the kinetic
parameters. This will allow curing simulations for this material. It
has to be said that the reaction model for this and other DGEBA
epoxy systems is somewhat more complex and behaves according to
the model proposed by Kamal [Kam74]. This means that two rate
constants are needed to describe the temperature behaviour. However,
the isoconversional method is powerful enough and also in this case
able to determine the kinetic parameters [Sbi02, Alz10, Alz12, Vyalb].

Ultimately many other material systems can be investigated with the
methods presented here. This may save time and money for the in-
volved companies since a simulation is almost always less expensive
or time consuming than testing several full scale models of real life
structures.



Symbols and Abbreviations

«

B

Agi_ 15

€absolute, m

P(Ea)

Pre-factor in the Arrhenius term of eq. (2.1).
Conversion dependent pre-factor (cf. eq. (2.1)).
Compensation parameter in eq. (2.7)

Compensation parameter in eq. (2.7)

Heat capacity (cf. eq. (2.11))

Differential Scanning Calorimetry

or Differential Scanning Calorimeter

Activation energy in the Arrhenius term of eq. (2.1)).
Conversion dependent activation energy (cf. eq. (2.1)).
kinetic model or function (cf. eq. (2.1))

Abbreviation for the integral in eq. (2.5).

Number of experiments evaluated in eq. (2.4).
Reaction order in kinetic reaction models.

(Constant) “Power-factor” in eq. (2.13)

Heat (in Joule)

Total heat released during the polymerization process
to reach full cure. Usually normalized to Joule per gram.
gas constant = 8.314449(56) J/(K - mol) [Segl7]
Temperature (in Kelvin)

time (in seconds or minutes)

Degree of cure; also conversion

Heating rate in dynamic experiments.

Strain difference between two subsequent OBR records
(cf. eq. (3.1)).

Absolute strain of a given OBR measurement m.
Value of the minimized double sum in eq. (2.4).
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Appendix B

Paper 11

S. Heinze and A.T. Echtermeyer.

A Running Reference Analysis Method to Greatly Improve Op-
tical Backscatter Reflectometry Strain Data From the Inside of
Hardening and Shrinking Materials

Applied Sciences (Switzerland), 8(7), 2018, 1137
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Appendix C

Paper 111

S. Heinze and A.T. Echtermeyer.

In-situ strain measurements in large volumes of hardening epoxy
using Optical Backscatter Reflectometry.

Applied Sciences (Switzerland), 8(7), 2018, 1141



ISLINO, B pue 13q1 Y} Ym spoerajur jeyy asind Aouanbaig 1doms e sazijin 1ea9moy YO 12qY a3
Suore uoredo] A} 23LNOTED 0} PISN ULY} ATk SJUSWIAINSEIW JYST[J Jo awn pue asnd 1asey e saziyn
Apuowrwod YA LO "(MAJO) Andawoyoapay urewod Aduanbarg reondo pue (YALO) Anawoayyay
urewo(] awiy, [eondQ Aq pamseaw aq ued 1aqy [edndo ue Suofe safyord amjeradway 10 ureng

Anpwoyaygay 1pedsydeg [eondQ jo sajdpurl] fejuswepuny g

‘suorednsaAuT 250U} JO 103(qNS AU} ATe YPIYM SP[ATJ Urens
0} PE[ SN} PUE (ISLM-3WL) SIOTABYD] IND JUSISJIP 0} ped] Aew ‘s[rem je ~S-3 ‘spusrperd amyeraduway
dours pafjoxuod amjeradway jou arom sapdures ayy ‘Apsoding g Surziun £xods aind jo syunowre
98rey yo a8eyurrys amd oy SurpreSar suoneSnsaAUT SwTy ISIY AU} 10§ Judsard am “NIom STy} up
-s@unerd 33erqg 1aqy A3500 dI0UW JO PELISUT SIOSUSS
se s1aqy [eondo renSar deayp Sursn £q pajesuaduwod jeymawios s1 g Y3 Jo dSeJURAPLSIP 350 Y],
-aun ym Area 0} pu) saotrd [erIounmod ay g “IaySny saum ()1-G moqe st3s0d ay, ‘sSunerd S8eig
I3q YITM Pasn sjuswnsur ay} uey) aarsuadxe arow Appuedyruis st juswngsur ay jey st Igo Yyl
Jo a3ejueApesIp puodas y "[91] juswainsesauw g ue wuoyiad oy Aqurerodway paddoss aq 03 pasu pue
353} 3y} SurLmp A[SNONUIUOd PAIOJIUOW 3¢ JouLed §3s9} andney se yons sjuswainseaw Louanbaiy ySiy
83 ‘SN[, "'SPU0D3S SWIOS S} JUSWAINSLIW YO Ue ‘A[ISIT] "SaSeIUBAPESIP Urew 0m} sey JYgO 1eyl
“I9AIMOY] ‘PAUOTJUSW 3¢ PNOYS }] "13Y Pajuasaid JI0m 3y} 10§ DTOYD JO POYIIUT JUIWIDINSLIW ) SLM
pue sa3ejueAPESIP PIUOHUSL A0 U} WOIJ NS 10U SI0P YO 's1aqy [eordo saziun jeyy poyzaw
JuswaInseawr urens e ‘sgunesd 33eiq 19qy 03 refrwis ‘st (YFO) A13ow0[FRY I933edsdRy [ondO
‘ssavord Guruapiey ayy
Burmp jeay jo yunouwre Y31y e sasea[al Jey} PIsn SI UISAI € JT 10 OeT SWN[OA-0}-90.JINS [[EUS e 0} anp
33 ‘ased ayy aq Aews s1y], "ySnoua jsey Aeme pajrodsuer) aq jouued 1aj3e[ dYj J1 jeay Sunmd ay} 03 anp
Burstx st Axoda ayy jo amyeraduray ayy usym dqestidde AJLIeSSIDAU JOU ST IDAIMOY STY ], “dSeNULIYS U}
jo yuawdoppaap ayy pue ssad01d SuLmd Y3 JO UOHRINWIS S} 10§ [RYIUSG ATUTELIdD SI SIY} ‘UMOUY d1e
s1ajowrered [eLayew ayy J] d[dures ayy ynoySnonyy aamjeradway umouy yym suwreidord armjeraduay
Ppafonuod> mofre ursax ay; jo santadoxd ayy 1o sdwes ayy jo AnPwoad/azis Ay} 10 SUOHIPUOD
[EULISIOST B3I 1opun pauriojad A[[ensn axe SpoyIaur 3say) “MOYS SYIOM PaIId dA0GE Y} S
“SIOM PIJID AU} UT W GZ UL} SSI[ ‘PIjTwl] A19A
st s3uned yons jo yy3usy ayy ‘m@aamop “Sunerd 33eig 12qy e jo Y33us[ a3 I9A0 UTRI}S JURISUOd-UOU
JuTuIIdIAP 03 [G1] poyaw A1jdw0)da[ja1 3dUIAY0d-MO[ [eanndo pagrpow e psn A3y] *[1] Seznpg pue
sexreIey pue [g] ‘e 39 od[o)) 82 Aq pakordws st syusrpeis urens amseaw 03 Apiqissod pajornsaI
“Axoda jo sad4} 10 saumjoa ‘sadeys [erouad 0y sjqeoridde jou pue pajesrduwod 1ayjer swass dnyas
reyuswLadxa 119y} I9AIMOE] "UIsax Jo dwmnoa ddxe| e ur Aj3oaxrp sadned urens ayy Surderd £q paproae
aIe sanssT asay} ‘[§1] emeSexeN pue eInumysiN Aq 10M Uy} uf *A[J02IIp PaImseau Jou st aZesurIys ayy
10 JUSWIUOIIAUD UTUTensuod AI9A e Ul $Ind ursai ayj ‘uorsuawip ddwres [ews sxmbar sanbruyoay asayy
Jo 3sow Jey) sapisag -a[dues ayy sprsur syuarpesd urens Surddewr mof[e Jou S0P SIY, “PIUTWLISIIP ST
jurod auo 3snf ur a8exurIys ayy 10 ‘pamseawr st s[dures a[oyMm aU} 10§ IN[eA IFLNULIYS SWN]OA dFeIoAL
e I9U}IE "PA}IWI] ST UOTIRULIOJUT UTR}S SU} Jey} ST SPOYIdW 3say [[e JO 93ejueapesip urewr sy,

‘[£1] suotsuawirp oM} ut 9deFINS
sardues e jo aSesuriys ayy Surssasse smof[e uone[aLIod aewr [eyISIp Jey} PIUOHUSW 3 PINOYS 3T
‘Apser] “[z1—8] uIaduod jo 18uof ou A[rensn are sadejueapesip ayy ayiym Ajdde saSejueape ayy e
“wR)sAs e ur pappaquua 10 parjdde st 1aqy [eonndo ue 2du() “saraydsourie 24101100 10 dAISO[dXD 10 SPAY
oppudewondape Suons Yim seare 33 ‘sueawt 1930 £q I0}TUOW 0} JNOYFIP ST YDIYM SPUISUIUOIIAUD
ur pakojdus aq ued s1aqyy yans ‘sny ], “y1om 0} A1113[d axmbai jou op Aay) pue ‘spred [eaur urejuod
J0u Op £3Y) JUR)SISAI [EDTWIAYD dPLUI 39 Ued 12q1y 3y} Jo Suneod ayj ‘afdwexa 104 -asn 1Y) Ajgsn(
ey saSejueape 19550 £33 Inq S[HLI] yEYMAWOS d1e s1aqy [eondo ‘Terauad uy -Sunerd sy jo uonedof
[rews ayj je uonnjosar urens pood aaey sSunerd Ym siaqy ayL 1aqy ay) ur Suneid 8eig ayy 03
pazraysuen st Axoda ayy jo utens ayy, ‘sSuned 88erg yym s1aqy esndo st uoneso[ dUo UT utens ayy
2IMSEaW 0} POYIRW IYIouy [£9] saqny [ejowr (UIys) jo SpIsino ayy uo sadned urens Suiziun £q

1ot TPLL 8 ‘8T0T 725 ddy

wsdde /feumol /wod idpurmmm TF11£08dde/06€€ 0T10P ‘IFTT ‘8 ‘810T 105 “1ddy

ssa001d Surmd ayy Sunmp pawroyrad are (SZeNULIYS SWN[OA Y} JOJ JINSLIUW  SB) SJUdUIAINSLIW
urens juro ] ‘[¢—z] sisApeue [esrueypawr-oursayy 10 Anawojetp ‘Anawoudid ‘Anpwoays uo paseq are
spoyaur pajesridwon arour 13O *[1] 193em ur sjdures ay jo Louefonq ayy SurLmseaw 10 SUOISUIWIP
19)n0 Ay Suumseaw £q afduurs aymb aq ued aBexuriys aeraae ayy Surmsespy syutod maj e 10 duo
e a8euLIys [e00] amseawr Aoy 10 jred amud ayy Jo aSeuriys aSeroAe ay) amseaw TPy Ao
nq ‘amo Juump swijod jo sequriys swnjoa amseaws 03 3S1xd sanbruyda} Jo spmHNW Y
‘Buumyoeynuew Sunmp jred auy jo amirey jsureSe sarpawar Surpury 10§ [eruassa st npord ayy
Jo suor3ar uaArS Je a3exuLIys aImd [engde ay Jo a3papmowy ay [, “Pnpoid reury auy jo amirey A[res 0} pedy
Apuanbasqns Aew asay) ‘sassans [enpisai jo JustdoAap ayy 03 pea] Aewr a3eULIs SWN|oA “uouswouayd
umowy [[om e st ssadord Surusprey ayy Suump sursar Supjesounsayl jo AeULIYS SWN[OA
“Ax0dd JO soWM[OA [[ews JO SONSLIDIORIEYD
umouy [[oMm 3Yj 03 paredwod 1oraeyaq Sunmd pajoadxaun moys spusuodwod a3re[ yey} umoys st 3
‘uonN|0sa1 [ed0] poos Yim Jusuodwod ayj JnoySnory) paiseaw aq ued Axoda jo apews syusuoduwod
98] jo 101aRYRq SULmd 3y Moy sajedusaaur 1aded snyy, ‘saurqiny puim jo syred padIojural 12qy 10
SIOJOW [EDLIOI[3 “S1auLIojsuer) are Axoda jo sawmjoa adre) Sursn syusuoduwrod jo sajdwrexy -arey are
syred ayy uaym [eonLId AJ[eradsa sawrodaq 1otaeyaq Yy, “syred uorsward Sunjew usym paIapISuOd
99 0} PIdU UONIBIUOD [euLIdy} pue adexutiys amd ‘srowk[od ym sjusuodwod Sunsed uayp

uondnponuy ‘T

/€T HARY ‘VEIOd ‘SET WA DS ‘mts-ur ‘Axodd ‘duarayar Suruuni ‘Surmd
‘Buruapaey SSeNULIYS ‘SjUdWRINSEIW UTen}s YO ‘Anawoioapyay peosydeg reondQ spromAay

‘Apaneyenb paurerdxa st 1o1aeyaq ayJ, ‘suswmads adref o3 [rews woiy 3urod uaym Joraeyaq ut
saguep pajoadxaun awos saynuaprt pue sajdwes adxey ur adexuriys amd smoys 1aded snyy, ‘sajdwres
[[EWS UT sjuawamseaw jurod Maj € 0} PajTu] 2I9M SJUSWIAINSEIW SNOTAdI] "PIYUDPT aq Ued ssadoxd
Burmnd ay jo sade)s PunSIp XIg AIPAWO0IIAY IHEdsydeg [edond(O UO paseq ST poyaw Y], “1qy
Juawainseaw [edando ue jo yyduay ayy Suore spuswaINseaw [ed0] djeindde Auew Jurmorre adexuriys
2INd 0} aNP sureNs dNSLIW 0} poyjw [eyudwLddxa mau e paridde Apmys sty ssavoxd uononpord
ay) Surfonuod pue sprowr urudisap 10y juerrodur st a3exuriys pajear pue ssadoxd Jurmd ayy
Surpue)siapu) syoeId 0} Ped[ Ued Jey) suoreuwrIojap a31e] Sursned ‘Surens 10 sassaiys jJuedyrudis oy
Pea] ued 93eqULIYS 2IND Y} 19AIMOF] IFeNULIYS 31D MO[ A[PAJE[RI SeY pue [[Pm spuoq “mod 0}
Asea st Axody Axoda jo apew syusuodwod a8re[ jo Sunsed pajednsasur Apnys SIy] ‘SISULIOJSULRI)
1ed1139[d sk yons ‘syusuodwiod I9Yj0 Yjm pa[[y aq Aewr pue sarjowoad pajesridwiod aaey ued
samjonxs sy, ‘prour e ojur srowkjod Sumsed Aq apew are samjonys urreaurdus adre] swog poensqy

sajepdn 810¢ AIn[ €1 :paysiand ‘810¢ dunf og :pa1daddy ‘BT0T AL 6T paatedR]
10452342

OUNUUGIZUIDY USIOS :9dUdPU0dsatio)
OUNUU@IDAIULIDIYDD SLAIPUE ‘AL MION “WIDYPUOL], $70/ ‘g 1A SpUe[aIlg preyony ‘SureauwSuy
[eLysnpuy pue [esrueyda] jo juswredsac] ‘NN AS0[ouyda], pue 9ouadg jo AJIsIoATu UeISoMIoN

12A3uLId)YdY L SLIAIPUY pUE , SZUIIH UIIOS

A12wI03033Y Id)edISdRY
reondo Suisn Axody Suruaprey yo
sawn[oA 331e Ul SJUSWDINSEIA] UTeI}§ NIIG-U]

o1y

$20UI1IS T3

panddp s




Wo g1 saqoid Usamiaq oUEISIP 1oqy 9A0qe pauSIe F7 N6 9-01-09
u -7 :saqoxd usamiaq adueystp Taqy aaoqe pausie ‘91 M9z 9-01-0F
Sy Surpy jueisuod je pow
W (f 9y 10§ se aures ayy Axoda Jo uonsod wopuex ‘g M9z 9-07- 02
Junowre o ooy 03 (PLM IR
uontsod wopue: ‘g 3190 9-01-01
sjudWwWo) saqo1g armeradura], Jo uonisog 3 "oN  Axodg Jo ssey  (umd “Y-m-]) suorsuRWIQ

‘w9 sempe sem 1Sy Surif Axody ‘syuswradxa juarayip ayy 105 dnjas ay jo s[resd( ‘[ AqeL

*1 amSig ur umoys st dnyas [erauad sy L, “prow au Jo Y3uay ayy 03 SurpIodde paduIayaI are sajdures
“Jx3} AU} U] "Pajels dIe Splou JudIdIIp ayy SurpieSar s[rejap ayj ‘1 d[qel, uf Iajowrered Sy} Jo aousnpyur
3[qrssod e 3no apn 0} syusuLIadXa [[e 10§ W 9 Je Jueysuod 3day sem 3wy Jury Axods 3y, ‘punoy arom
S[[eM A} 0} JuSUILDEYE JO SUSIS sjusILIAAXa 3y} JO SUOU UT JDUIS S[[eM 3} 0} puoq jou pip Axods aiy
“12A9MOF] *Ax0da au o Jusunypeye proae 0} paredard Ajerads jou a1om s[[em Y} pue [29)s SsauTe]s JO
Spew sem Plow Y], “Wd T JO IYSIY € Pey] PUE [99}S SSAUTL}S JO IPEUT JI9M [y APNIS Y3 10 UISOYD d19M
spow [ejowr padeys oLy pauwiofiad a19m saum[oA /SYISUs] JUSISHIP YIM SjuswLIadxa [e1aadg

dnjag juaruainsva uwys ‘I'g

“Tey sy} pajeSnsaAUT usaq aaey waisks Axoda pauonuaw-aaoqe ayy ATuo
“Burrojruowr aexuriys a1md jo wajqoxd repnoned sy 10§ “PAIMOY *[£€ z€] SHNSAI UTes [nyssaddns
Ayua)sIsuod paparh waisAs g dwes ayy pue sarmnjonys ajisodwod ur pasn aram Axodas jo sad£y
JUDIAJJTP JEU} PIUOHUAW dq PINOYS J] "S[TLIdP IOUWI UT PaqLIdsap ST uonoear ayy ‘[0¢] uy Axoda jo junoure
a3 uo Surpuadap U £~ INOe I3}je PIULIOJ SeM YD0[q PI[OS & PUE ISYI0 Yoed Yjim pajoear juade Surmd
Ay} pue ursar ay ], ‘spow [ejow ayy ojur painod sem Axoda pmbif [[1s 9y} ‘SpremId)yy ‘paxIUI sem
Axoda ayy 1933 Ap3oamrp urw (g 10§ adeyd ooy SursseS-a(] *[1¢] yuauodurod Suneunuop Afreapd ou yym
aurwerpuoroydost pue aurwrerp(duajAdordAxo)Ajod jo armyxtw e st &1 HIATI Y.L ‘[1€] Suneurwop
yupuodwod ygIHA 24 PiM (ADAAH) 12430 [ApPAISIp [orpauexay-9'1 & pue (VgaOq) 1oy [AppAStp
v [ousydsig e Jo amyxqur e st ysIt GeT WINIA YL “[0¢] Axods se pasn sem /€1 HIARI SO

a8y Suum) amyjidy syred sa1y) pue GeT MIAT SOIN uIsay a1031dy syred us) jo armxrw
*S[RAIDJUT W) UTe}1ad je eudis urexns ayj jo agueyp ayj uriojruowr pue

Axoda pmbry ay ojur 1aqyy reondo ue urppaquua £q payedusasur sem Axoda jo adeurys amo ay,

dnjag reyuawrradxy ¢

‘[62] poystand
3¢ 0] ST POY}aW 3} PUB YIOM SIU} Ul pajuasaid san[ea urens aij Urejqo 0} pasn Ssem poyjau dUIIFI
Suruuna ay [, ‘sadudIdyIp urens asayy dn Surppe Aq pajemored sy ST awn USAIS e je anjea urens
[en3oe 3], "SIOUIIJJIP UTe1}s SPIAIA POIdW MaU S} YO [euoniper) o} jsenuod uj -anbruyoay snyy
JO SUIRU JY) SN} PUE JUIT} OB JUSISFIP ST 9UIIIJII Y} SURSUI B[, "30UIdJAI dU0 0} paredurod are
SJUSWRINSEIW [[B 9I9UM GO [EUOTJUIAUOD 03 JSEIFUOD Ul ‘JuauRInseaw w30m>ka 9y} 03 ﬁmthEOu ST
JUSLURINSLAW OB “POLJAUI ST} U] "SWIODIIAO0 3q ULd S9ZUI[[eLD 3say) “eiep-ydQ a3 Sunen[eas 1oy
poyjew aduRIRyRI Juruun paj[ed 0s ay} SUISn “T9AIMOF] "PAYDLAI ST (UOISIDAUOD I0) 91N JO 22139p
UTe}Ia B I93Je SaN[eA Ure)s [nySuruesaur Wwinjal o [ref [[Im ygO Sursn paureiqo are ssnjea uress Moy

oy TPLL 8 ‘8T0T 725 ddy

POYIoW [UOTIPEI} PIGLIDSIP A0 3} “UIn) U] “[euSIs pajdajop PIYSIUIWIP & 0} Ped] [[IM YdIYM ‘SUoToR
yons 03 303[qns st 1aqy Teondo ay “ursax Axoda Surmod uy “Sunyourd 1o Surpuaqororu saduaTIadx? 1AL
Ay} J1 10 ‘syusrpeld urens Y3Iy aIe SUOHIPUOD YoNG "SIRGMEIP B SE S}OB SOURISWNIID (WX I9Y}el)
uresd Iapun yprym Ajsusjur eam Apanepr jo st jySi pazepedsydeq ySwhey oyl
-anbruyoay sty ursn pasjoaur sassadoxd sy noqe
UOTJRWLIOJUT PI[TR}dP [RUONIPPE 10§ [g7] e 39 utoqueg 1o [/7] ‘e 39 1931y 33 ‘pue uonnjosal urens
pue rereds ay urpreSar g xipuaddy oy 99s ased[ *[97] %T100°0 St POOS Sk 9q Ued UOYN[OSAI Urens
Ay} puE W [ I9PUN JO UOHN[OSI [erjeds e Sey JUSWDINSEaW e SUOHIPUOD [e3PI I9PU() ‘JUSWSINSEIW €
2131 PI[[D ST SIY], J[NSI Y} ST 131 A} Suofe sanfea urens [ed0] Jo aduanbas e sy, "pajenoed aq ued
SUTEI}S [EDTURLDI JUf}) “PIODAT DOUSISJAI AU} UIIM PI0daI [enyoe oy} Sutredurod £g “suoreso] padueyp
sanumduur ay asnedaq wisired apnirduwre paSueypd e sey prooar mau siy[, ‘S| paIapedsydeq Ay jo
PIODAI MAU € S9)eaId J1aq1y Papeo] ay ojur Juds asind 81| v A[[ewriay) 10 A[[edrueydsur 1Dy ‘papeo|
st ardures ay} uaym uonedo] 1Yy} a8ueypd saprmdur sy, saprndur ay3 JO SUOTEdO] AU} JO PIOdAT B
Se sjoe SIY], "PajIels st JuswLiadxa Y} 910J9q JNO PILLIED ST JUSWUDINSEIW DUIIDJAI  ‘A[[ens )
-y xrpuaddy ur umoys st siy, ‘Apuedyruss symsaz ayy a8ueyd
JOU PINOM ST} Jey} [[eWsS 0S ST arnjeradws) Ay Jo dUIN[FUT Ay} ‘S}nsal pue spudwradxa pajussard
919y 9]} 0] 19AIMOH ‘TeuSIs UTexs sy} O3UO $109Jjd 0M] S} JO ddUAN[JUT dY} djeredas ued auo “1aqy
ayy Suofe Jno parLIed a1e sjuswIMSsedw anjeradurd) Juspuadapur pue umouy SI 1q1y ) JO I0TARYD]
TeWLIaY} Sy} JT “PeO] [eULISY} PUe [EITULYDIW |30 JO UOHRUIqUIOD Teaul] e ST a3ueyd-reusrs oy ‘1oqy
ayy 0 parjdde are speoj Jo spuny| y30q Ji “I9AMO}] “Paje[a110d A[1eaur] are [euSis parajjedssdeq ay) ur
pue amjeradurey ur a8ueyp ayy ‘1aqyy ayy 03 parrdde st peof [edrueyPaw ou sk Juo[ Sy TqY Ay JO Xopur
A1 (1ed0T) Ay} ut saSueyp 03 anp ‘Teudrs sy ut sadueypd o3 osfe pes] sadueyd amjeradurs) 1edo]
“T9q1y yoea 10§ Juaiagyp st urayred apnyrpdure jySi
pazapeosydeg Ay ‘sonrmdut sy Jo ssauanbrun ayy 03 angy “yp8usy ayy Suore reuSis payoayza Ay dZITEd0]
03 9[qrssod st 31 aduLIRYIP Swn 1y} Jursn £g 91mos a3 03 9so[d spred woiy parayedsydeq 1YSI| uey
10J09)3p Ay} Je I9Je[ SIALLIE J1 901N0s JYSI[ Y} WwoIy Aeme Iay3any 1aqy ayj Jo Jred e woay parajjedsydeq
STIYSI] JT “PapP100a1 ST ST PAIANLISYIE] PIUINIDI AU} JO AJISUSIUT pue awny [eALire dY [, ‘Suriapedsyoeq
ySarAey 03 peay sanrmduur asay “1aq1y ayy ojur Juas st asynd iy 1ase| e uay Ay 18qy Ay Jo 1red yoea jo
Autidia8uy,, e se joe jey) sapunduut onsLIa)dRIRYD [RINJRU SUTRIUO0D YO Ul pasn 1aqy [edondo yoeg
*$9110}RIOqR] OIeISI JO
apisino afqeorjdde A[rsea auresaq poygaw s} ‘[S7] S[qe[reAt awedaq JUSWNISUT asn 0} Asea pue [[ewrs
Apuanyns e 1033y *9A0qR PaqLIdSIP SPOYIdW 3y} UT se jutod duo jsn( ur 10U Seare papuajxa 1940 dSerase
SE IDU}I9U PIUTULIaIaP ST 9FeULIYs /utens ‘SN, I9qy Y3 Jo jurod yoes je paunuIsgop are sanfea
urex)s pue 1aqy ayj Jo Y3us[ 3[0yMm 3} IA0 W | se pood se st uonnjosai [ereds ay ], ‘sayoeordde
1930 ey 1aqy reondo ayy Jo yiSuey auy Suoe Sp[Ay UTexs JO UOHEN[EAD 19}39q UDNUW SMO[TE IO
‘[Fz—22’91] pasn axe JyS1| pa1a}edsyded JO SUSWAINSEIW dATe[aI snedaq Sursuss dordo-1aqyy paynqrisip
se payissep os[e st YgO ‘[17] a[qrssod axe syuswamseawr (¢ /(qz-opnasd uaas ‘Terousal uy “ponpord
B UT S)USTPRIS UTRI)S [EIASI ST} ULD PUE “}Sa1ajut Jo Anauwoad ayj jo syurod [eonimn Suofe amseaur oy
a[qrssod 31 saxyewr yorym ‘uonnjosai [erpeds Y3 YIm SJUSWIDINSEIW UTEL}S [EUOISUSUTP-IUO ‘dUe)SIp
Suo[ smofe A[feradsa J] "aw0dI9A0 3q Ued SuoTRIWI| 3SAY] JYFO YHM SIL3owoasd pajedrjdwod 10
SaWN|oA 331e] UT S[qISEaj J0U Ua}JO ST ST, MO Se UOHEULIOJUI SWes Y} PAIA 0} UOT}eI0] 991100 Ay}
Je pappaquid /paridde aq 03 pue papasu are asoy) jo Auew suonedsrjdde [esruyoay ur inq sdunerd
88e1g 1oqy yym d[qeadryoe osfe st siyy ‘ofdpurd uy 1aqy eondo ue jo yySuay armus ayy Suore
amjeraduwa) 10 Urens suruLI}ap Aed0] 03 anbruyday YO ue st Anauwoidapay wyeosydeq reondo
*219Y] pajuasaid s}Nsal aU} 10§ ULy} 9SI0M SEM SIDJDUIUID JWOS JO UOHN[OSAI
Teneds ay pue y10m siyy ut pajussaid se Axoda amd ur suop jou sem 1289MmOY ST, *[07'61] SIMPNLS
aprsoduwod ut armd Jurmp juawdo[aAdp UTeI}s Sl J0}IUOW 0} pash Usaq sey Suriayjeds wnoyyg Surzinn
AAFO [81°£1] Arsnoraaiad [rejap ur paqudsap uaaq aaey JS1| pa1d}3eds umof[Lig 10 YSo[Aey 10939p
0} SI0SUdS asn YPIYM ‘W)sAs ayy jo sardourrd reyuswepuny oy, -Sunepeds ySwhey 10 umoyyug
‘UewIEY] UO PIseq SIOSUSS UM pasn 9 A[[esausS ued Spoyaw yjog "Uonedo] 3y} SpRIA uonewtiojsuer}

1zjoe TPLL ‘8 ‘810 195 “jddy



¢ a8 ur aurp £a13
[RJUOZLIOY B SB UMOYS ST JI pUR 9}e}S UTRI}S 019Z Y} S 0} PALIdJaI SI SIY ], ‘A[[eIIUI 1oqy oY} 0} paLIdjSues)
JIe Surex}s Ou SN ‘ISIxa jou op surens Axoda ‘pmbiy ayy uy ¢ 281y ur umoys Ajpeonewayps are Axoda
ayj jo uruapiey ay} Sunmp [eudis-ygQ paIa3sidar ay) uo s30ay5a [erduad pajedonue urew sy

101ARYag Sunn) papadxy §

-21nd Jo 22133p ay) spAIA Apoartp
I 1940 uoHeISAUI A} pue [euSTs MO 3y 2ATISOd B SISNED UOTORAI JTWLIBYROXA [, *dfdures ayy
005 pue 3eay 03 pasn sem (£ a8ty -3o) werSord amyeradway urerad e pue ued DG Y3 o3ur Paf[YY
aram Axoda w1 Appyewxordde ‘BursseS-ap ayy 1935y -own uaA1S e je 21nd Jo 9189p Ay SurULIA}AP
0} Pasn sem sjuAWINISU [, Wwolj (DS(]) 123oWLIoe)) Suruueds [enudidjyic] 0S¢ DS A19A09sI(] v

fagawriopy)) Sutuudg pruaiaffiq "¢

WAy} USIMIDG dOUR)SIP
awres ayy Appyewrxordde yym paoerd arom saqoxd sy, 1 9[qe] UI punoy aq ued S[IR}AP ‘PlowW [33)S A}
30 y3usy ay3 uo papuadap saqord sy} usamiaq duelsIp pue jo qunu A, 12qy [edrdo sy aroqe
wd /1 “ed padefd a1om 3say} “1aqy-ygQ Y} PIMO[[0] SI0SUDS dmnjeraduua) Y} UsyMm Sased Ay} uf

*00} “U3s aq ued (S)Iqy Y}
“a8ew UOIIIS SSOID A} U] "00} ‘DIdY} padrew st a1njord Sppruw dyj ur payrew Iosuds arnjeroduay
Jures Y, *(98ewr 1omof) aydrd S[pprur sy Ut UMOYs ST YPIYM jo dnjas ay ‘Juswiodxa Y} Ut PauLIoy
sem jey) yoo[q Axoda prjos ayj Jo uondas ssox)) “(afewr appprur) aded ur saqord amyeraduray ayy yym
nq 1 am8iy ur se pjow Pajs Suoy wo o Lidwe awes ayy jo ojoy “(Sewr 1oddn) 1aqy reondo ayy
30 y8ud 3y Suofe syuswaInseaw amjeradway 10y dnyas [eyuswLIadXd Ay Jo dnewaYRS ‘g Sy

ca. 1/2 cm
|
I

—N:d—

wo p oy [ e

1209 TFLL 8 ‘810C 125 ‘ddy

zam3rg ur umoys st Axoda paind Any e ur pappaquua saqoxd ay pue dnyas sty jo uonejuswajduur
eonoed ayj Jo onewayps v -armjeradwa) a8eraae ay) auruialap isnl 03 Axoda ayy oyur Ajwopuer ind
a1om saqoid ay ‘syudwtiadxa Sururewa sy 104 g 2MBL] Ul PIZI[eNSIA se “Iqy-YgO Y} 240qe paudie
a1om saqoad ayy “sjuawLIadxa SWOS 10 “PIYSIUL SeM JUSWSINSLIW YO YOLd I9}Je S G UBY[} SSI] UTYHIM
JudwaInseaw amjeradud) ayy paraddin aremyjos pajewone uy ‘(N £1€) D, 0F 2A0qe sem ainjeraduway
Ay} 1DASUBYM ‘UTWI E JO [EAIDIUT JUSWIDINSEIW ID[[LLIS PIUOHUSW dA0qe dY} 198311y 0} pasn osfe
a1am asay [, *Axoda ayy ojur pappaquud a1aMm (SNIS[aD) SAIZIP 0GZ+ O} OF— Usamiaq dduer amjeraduwdy
® pue SNIS[2)) S92189p G Je dduR)SISAT () 0T YHMm sse[d ur pajensdeous ‘siojsturoy] DIN SSe[o
Terpey)) saqoxd arnjeradway ‘sdwres ayy unyiim juswdopasp amjeradus) enjoe ayy prodaz of,

dnjag quawainsva\ aingviadwar, "z'¢

Juawtiadxa yoea ur juasard sem “‘wd | Aq duerd ur pajeredas
pue duo js11y 3y} 03 [a[[ered “1aqyy 1Y30 duo jsed] je ‘dnypeq e se ‘sny [, Axoda jo adAy remonaed snyy
105 synsax [njdurueauw paIA 03 [rej Aewr poyjaw 93UAISJAI Juruuni Ay uaAd ‘urpusqodiu 1o Juryourd
‘syuarperd urens doals 03 ang YGO Y3 YILM US¥ e} 2I19M SJUSWDINSLAUW “(UTW ¢ IO UTUW GT) S[eAIIUT
oy 1en3a1 Uy “I9qIy A[qRIND YITM dPEW SeM [G7] STUDWINISU] BUN'T WO} JUSUNISUT JUdWINSLIUT
L.009% O, Y} O} UOHIIUUOD 3y} ‘A[EUL] “I19qY JUSWIINSESW Y} JO PUS U0 0} 13qY INPIY} pue
d[qeanp 10w e dI[ds 0} PAsn sem dLIOIH emey NN, woiy 11dg uorsn, (231 V8L S YL “Plow 3y}
apisu sem (snis[)) $29139p (0¢+ 03 G9— ULam3aq arnjeraduudy Sunerado ue pue Buneod greod01£]
W GGT) PUe W GZ[) ‘Wi 0g9 ‘A[PAndadsar “Jo srajaurerp Suneod pue pep ‘910 ‘wuO6ST Jo
p8uspaem Sunerado ue yym T ‘[RIL] SO WOIj 191y Ipow-a[3Uls ) 19q1j JUSWINSLIW ],

30 Ay}
apisut Axoda pauspiey 03 anp APISIIPUI USAS JOU “[33S AU} YILM JOBJUOD UT SWT} OU J& Sem I13q1y dy}
JeY} 2INS dpRW SeM J1 ‘pIsur 3y} woly SUT[eds Y} 0} aN(] "SIXe S[assaA Ay} SUOTe 191 AU} JO JUIWDAOW
Ay} IDQUINJUD JOU PIP IGQNI Y, "IPISUT Ay} WO OGN U3TM PI[es 1M SI[OY Y} ‘SI[0Y Y}
y3nonyy urdess woiy Axoda ayy yuaaaid o, “ySry wd ¢ ogqe pue Axoda ayj jo aypprw ayy ut (A[rensn)
uonsod [BJUOZLIOY € Ul P[AY 9I0M SId]T AU} “P[OW Y} JO PUD YdEd Je SI[OY] [[EWS 0M} YSNOIY} 19q1y Y}
Burpeay £ 19qy [eondo a3 Jo uonisod sy sazifensia peaiys yde[q e ‘| 2t ur dFewr Mo] Ay uf

*Pa}IAsUI SeM I9qY [eNOR AU} dI0J9q JNO UINE} SEM I[ ‘PIPpPE Sem
peayy ypde[q e “1aqy [eando ayy Jo uonsod sy azifensta of ‘(98ewr 1mo]) prou [293s Suof und o Aydwe
ue jo ojoy (a8ewr raddn) syuswamsesaw YgO 105 dnyes eyuswiadxa ay jo onewayds ‘[ amndiy

» MOIA

oaqy fxodg oiqy pondo essop s | OPIS
Jo pug
#l
is MO 2y
is
2 EEIN
o dog,
1 wd 09 10 ‘op ‘0z ‘01 syarSuag 1
12§06 TFLL ‘8 ‘8102 105 “1ddy



‘paje)s JuawiLadxa ayy 1ayje a3e)s remonred
oy Surmp “waysAs Axoda /12qy 34} JO SajeIS-UTRIIS INOJ SMOYS G pue § samJrg ur ydeid yoey “(samdy
roq ur sydeid apis y8ur) aduwres wo 09 pue (sam8y yoq ur sydeid apis 359[) wd (] Y 10§ UIDS q
ued (z 3[qeL ur paurpino) sade)s Jussayyrp sy} Surmp juswdo[aAsp urens ay ‘g pue § sam3r uy

Juatidolaoacy uwas 7'

‘umoys are sapdures 19y30 Jo S}NSaI Y} ‘pus Y3 Je “S[IYM ‘[1e3ap ur pajuasaid are asay ‘sny,
-sapdures (wnd (19) 3s981e] Ay pue (Wd ()T) 1SAIOYS Y} UT PAAIIS|O a1 eudwouayd ayy Jo Ajprmua ay ],

ou amyesadwa) woor 03 Surjood a8exuLiys ou 1A
ou armjeradue) wnurxew ou sok A
sk WNWIXeW 0} SaseAIdUL uorsuedxa sak Al
sak L Ameadwey uonepps,, JURAS[AI SAWO03q JURAS[AI SAWO023q it
sok soseamUuT JueASI Jou JueAdPI Jou I
sak amjesadwa) woox JueAd[aI JOU JueA3[AI JOU 1
parear) Lol d 1 rsuvdxg Pumeyl | oSwumygom>  a%eis
9%86< amjeradway pue urens sak uMOop [00) 1A
%56-08% amyesadwe) pue urens sak wnuqmbg eweyL A
%08~ 03 dn amjesadway pue urens sak Buumn)) saypng AL
%09~ amyeradwd) pue urens sak uonepPn 1
saseamdul amjeradwoy (Surstr) ou Buum)) jsa1q il
pmbry amyeradway ou BRLETS 1
2m) jo 201820 [eusis 490 1913 eondQ 03 Surpuog uondmsaq woys  98uis

*S[IJ9P 10 x93 AU} 3G *(uotsuedxo [eurrayy A1es) urens
PaINSEau 0} ANGLIUOD JOU SIOP 10 ‘(3eyuLIys amd A[1ea) YO YIM PIINSLau aq JOULED J Jey} JXJU0d
ST} UT sueaw ,Juead[ar JoN],, Axods Surmd jo sagess ayy Sunmp samjesy Loy jo Areunung -z afqer,

‘I9)je pue a10§9q sadeys
ayj jo spoayya Surddeprano Aq paurasod pue uonemp 310ys jo are sadeys ,wnuqimba [euwayy,, pue
Luone[as,, ay ], 101aeyaq pajoadxe paurfino aA0qe sy} [e19UaS Ul MO[[0] PUR S)NSII PIAIISO Y} 0} SO
AU} AINGLIUOD ISAY, *(,,UMOP [00D,, pue (uore[ad 1ayye) , Surmpd 1ayymy,, ‘(uoned a10jaq) , Surmd 3siiy,, )
,598e)s urews,, se PaqLIdSIP aq UED S} JO dIYL °saFeys d[qeynuapr ‘djeredas Xis Jo ISISUOD 0}
paugap aq ued Surmd ay [, -and Sunmp Axoda ay Jo I01ABYIq PIAIISGO A} SIZLIPWIWNS 7 A[qR],

Surn) Jo sadvjs x15 1°G
S}nsay °g

*(1x} 99s) awn uaa1d ayj je Axoda ay jo amyeradura) 2100 a8eraAe Ay yrew saur|
ujo1q £315) *(1x3) 99s) amjeradway pue urens (Juaredde) yioq se pajardivyur aq ued sanfea Ay, “pariers
sem JuswiLIadxa Ay} 193 sawm JuLIdIP 10§ spjowr Suof wd g9 pue (ydeiS 33a1) wo 01 Jo ySua] Ajoym ayy
1240 ssadoxd urmd ayy jo AT pue [j a3eig Surmp sanfea urens (yuaredde) ayy jo yuswdopaa( F amS1g

(uru) worysog dATRY
oz oot 0 out o

ot

200

oo

900 AT o808

(Apparent) Strain (%)
(%) ureng (yuoreddy)

500

H ~3
i 00 i

ot
(sispp) s90180(]) danjesaduiag,

1cjos IFLL ‘8 ‘8102 05 “[ddy

“MO[( PISSNOSIP AT SIDUILINDIO YONG “UTEI}S PAINSLaw A[[enjoe du} woiy
J[qeredas aq Jou Aew WSIULYDAW YEa JO UOHNLIFUOD JY} ‘SISLD ISy} U] "duwity awes ayj je ade[d axe}
osye sadueyp urens (Juaredde) paonpur A[jeway ayy pue a8exurys amd jey) purw ut dady 0} sey auo
“IAIMOE] -2md Axoda ay Surmp Sunpeurwrop sAemie ST SWSIURYDIUT 35} JO JUO Jeyy) Papdadxa sTiy
‘(¢ a1 ur SAIND dAN[q) surens
aanegau 19y U9AS PUR UOIRIIUOD [EULIAY) O} Ped] [[IM SIY [, *2Inje1aduwa)-woos 0} umop [00d 0}
sey ajdures ayy ‘A[fenjuaag “(¢ 2mMBL] Ur 2AIND Pai o) sanfea aanedau arey saydear 12qy ays Jo p3us|
Ay 1940 urens sy, ‘A[jenueisqns sadueyp surexns ay ‘spremuo uone[ad jo jurod ayy woxg “uoned? jo
jurod ay Je UOISIDAUO0D A} JO UoTR[NO[Ed A 10§ ) Xipuaddy ayj 0} 19§01 Ip| "SIOM SIY} UT Pasn wa)sAs
Axoda ay3 ur amd jo 3a133p 9,09 punore aq poys sty ‘[[1] sieis uonePd usaym aq o3 jurod siyy
pauruIalap e 39 yosiey ‘ssadoxd Surmd ayy Surmp jurod swos Je 3T 0JUO UreI}s pue SIDI0J IdJSUeI} pue
1aq1y Teogdo au 03 sazaype Axoda Ay, “sayrprios A[renperd 31 pue sasearour Axoda au jo A31s00sIa Ay
“ULIOJ SPUO( [edrwayd 10w sy (v Xipuaddy -jo) urexns [enjoe [eury sy} uey I9[[ews yonu st eudis
ay) ojuo armjeradurd) ay) Jo ddUAN[FUT Ay} ddUTS paynsnl st siyy unyy ap (3%} Surkuedwosoe pue
# am8rg ') urens juaredde se eudrs snyy sjeUNLOUDP ISYFLI 0} N JJLUIPIO A} I[EIS-II PUE [9qe[-d1
0} JOU U3SOYD JARY M “IdPEal dY} 10§ 131sed d1neddua) ayj JO SIUIN[FUL AU} SSISSE PUE SJUSWIINSEIW
urexns enjoe oy aredwod of -aanjeradwa) e se ynq 19qy Ay} OJUO urens [enjoe se pajardiajur aq
03 jJou st Aaamoy reudrs aanisod sy, ‘(¢ 2n3rf Ut 2aMd Moe[q) 12qY Ay} Suore reusrs aanisod e 0}
spea] siy, -arnjeradws) paseanour ue sadusLadxa 1aqy ay} ‘U0nIEaI dTULIAYI0Xd Suroduo ay3 03 an(g

‘urens [ene se pajardiajur aq 03 Jou st sarnjeradwa) pajeads oy
anp [euss aansod v Axoda Suruapiey jo ro1aeyaq urens pajedonue ayj jo yd3ys [eroudsd v ¢ Sy

[osson
Jo puo uoryisod dATyR[RY 0
H

ureays dApeSou [RUOHIPPE 03 SPES] FFEULYS

[ewtoyy ‘poand Aqmuy st Axodo 1oy

puoq Axode pue aqy Ielye UrRXS dATyESOU

| &xodo oy jo

aaneSou
[eusis

Axodo oy sy1x0/s109u0 2aqY

$3au3s JuOWIIOAXD D10JOq 9IEIS UIRL)S 0107

o

puoq Axodo pue oaqy o10joq

sansod

Teuss oaryisod 03 spes] sanjesoduwio) pojeAd[d

1240 L TFLL ‘8 ‘810 95 “[ddy



[1e 10y [enba sjqesrewar a1e YIYM 10 sanfea urens aanedau ysadie] ayy ‘sAa[[ea asayy uf wd g
“ed Jo y8udy ueaw e ym sreadde armjonys axi-Aarea e ‘odofs [enrur ay) 19y JUSIIP A[padIewr
sdofaaap u (g 03 Tenba 10 108xe] YISUA B YIIM safdures [re ur urens Ay} ToAIMO] d[dures ayj Jo (9100)
BaIe S[PPIW Y} UI 9, [§ [— JO an[eA dFeIdALR Uk YIIm ,qniyieq Y} jO Wwonoq,, 3y} yoear o} Appimb
SS9 APuedyTUSIS SISLAIIP UTRI)S A} “WId 7 ISI1Y 3} 1940 Judrpers [entur daajs ayy 1033y "¢ 28y ur
paurpino pue pajdadxa se sdofaap sixe ayy jo yaduay ayy uofe urens ayj ‘ofdures wo O ay3 ug
‘sajduures 1ay30 3y 10§ sajqnop Apayewrxordde
anpea sny} ‘a8eraae uQ -adures wo (1 ayj 105 jRwI[Iw 13d 9, 19(0'0— ST JuarpeId siyy jo adors Ay,
-a1dures ay ojur wo g “ed 03 dn jusrpesd aanedau [enIur ue SMOYS SAIND urens Ay ‘sajdures [re 104
*SIXE S[PPIW Y} J& PIIOLITW [LISUAS UT a1k SIAIND utexns [[e “dnjas ayy jo Anauwrwis ayy 03 ang

%080~ ww g wu/%9100+ %OLT— g w09
WLIT— wiw g wiu/%,800°0+ WLLT— wiwgg w2 0F
%L60— g W/ %8100+ %691~ gy W /%110~ w07
%I 1~ - %EFT— - W /%1900~ w QL

on[ep urens-uedW nedjeld  uaTjudrpe puz  adols juatpein puz  urens wnwiuty  A31eA jo pSua1  adois juatpein st w8u] pIOW

~adofs TenIur sy 19)je SN[eA URAU 3Y) ST anfea urens-ueawr neajed ayy ‘sydures wo o1
Ay} 10, "spjowr pazis AuaIayTp jo yySuaf ayy Suore urens ayj jo samjeay £y jo Arewrung g [qey,

‘0 pajoalqns
Sem IaqIy AU} ‘9A0qe PAqLIDSAP §3103fjd asiaape paguojord ayy o3 anp st (aydures wd (9 pue wd oF Ay
105) ardures ayy saaea] 1aqy [eando ayy araym (s)[euis ay) Jo UOHLIOLIDAP YL PajIe)s sjudwLIddXd
ayy 1aye urw 0p61 APrewrxordde amjeradwa) woox 0} umop pajood safdures ayy 19ye udNe) are
SjuAWRMSEaW [y "YISu9[ (sa[SueL) anjq) wd ()9 pue (SPUoOWeIp JAI[0) Wd OF ‘(Sarenbs par) wn oz
“(s10p >Pe[q) Wd (T JO SPIOW UT pamd a1am jeyy sajdures Axoda pauaprey A[mny jo uostredwo) -9 amSry

(urur) wonIsoq SARRY
0

00z o0g1 001 0g 009 00S  00F  00E  00Z 001 0

Strain (%)

L L L L L L Luuia L
w009 ¥ )0 e WD 00z @ WD 00T @ SUIRUA] prous

*SIAIND 3SAY] JO SONSLIdJORILYD £33 A} SIZIIPWIWNS ¢ J[qR], *dInjeIaduwa) woor 0] umop pajood
sajdues a3 ayy 193 | S[qEL Ul Pajels sjudwLiadxa ayj [[e Jo a3e)s urens [euy ayj sMoys 9 sty
*(P[OW JO SIS 910 SY} J& PIIOLITW) W ()G PUL WIW Q] "8I UIIMIDG SAINIINILS dNI[-A3[[eA
Jo aouereadde ayy 03 peay s3995J0 YOG "W (GF PUE W (] 8D UM SULIOJ 21njonajs ayrf-neajerd
B pUE SSI] YONW SISEAIDAP LIIE 10D dY} UL UTexs Y3 “puey Iayjo ay} uQ -djdwes wd 0 ayj 10§ se
Aareunrxoxdde sdojaaap [assaa ay Jo sapis ayj Je urex)s ayj ‘puey auo 3y} uQ -adeys-, A\, PUBSIP ©
sdo[aaap [assaa wd ()9 yy Jo YiSua[ Ay} Suofe UTens Ay} “TPAIMOF] *¢ AMSL UT PAUI[INO ST SIAIND UTeI}s
Ay jo adeys ayy afdwres wd (] 33 10 "A 931G JO PUS S} e UAY} IDMO[ SpNJIuew Jo I9pIOo Ue uey}
2I0W SAN[RA DRI PUE IS}INJ ISLIDIP SaN[eA urexns ay (¢ amSr] ur mox 1moy) [A adeig Surm(g
*%C1'0— PUB %80°0— U9am3}dq safduues [[e 10§ ST ,qniyieq,, STy} JO dN[eA-Urens-, wojoq,, aderaae ayy,
-adeys-,qniyieq, e dofpadp SaAIND-EO Y} pue Jsearddp sdurpear JYgO A4y ‘A a8erg Sunmn(
-ardures w01 ayj Jo 2AMO-YgO 3y jo adeys-neajerd ayy 03 Juaragyip A[pasyrew st siyp -adeys-, A,

123001 IFLL ‘8 ‘8102 05 “[ddy

dqeysm3unsip e smoys dpdures wd (9 Ay} JO AIMD-YGO YL ‘(S)an[ea aanisod wnwrxew oy}
yorar sdurpear-yigO ays ‘(sydesd mor raddn ayy ur saamd yoeq) A a8eig jo Suruurdaq ayy 1y

*(1x9} 99s) pajIe)s sem
Juawiadxa ayy 1ajye saw JudIdJIIP 10§ plow Suof wd 9 e pue (ydeid o) wo 1 e Jo ySua] sjoym ayy
120 ssad01d Surmd ay jo TA pue A sadejg SuLmp sanfea urens (Jusredde) ayy jo Juswdofana(y g 2By

(wrur) woryisog oArje[RY

009 00S  00F  00E  00Z 00T O 001 0¢ 0 0¢-
1 ] O.7% Y ozt
ozt .88 ‘% 001 i D.¥¥ % 001 ozt
g w 1gg
00°1-4 % Foor-
-
R T [ 080~
7
090~ M [ oo-o-
or0-9 ] Foro-

0z°0- Foz-o-

000 D.8PT ‘% 66 ‘unu 7.7

Y
2
2
3

30 1A 9Bes

(Apparent) Strain (%)
s
S

)
]
N

Feo0-

(%) urens (yusreddy)

0009
s00]
oro] Foro
0D,9¢T ‘% 08 ‘uru 157
erod Fero

ssa20ad Supmd Jo A oSers ss0001d Supmo Jo A oSers

0z

n " n L -0
i 09 :3Buo| pprour w01 38Ul prour

“f 931 ur se sapdures aures ayy

10§ pajuasard axe (mox 1mo]) TA pue (mox 1addn) A sadeig ur juswdopasp urens ays ‘G a3y uf
‘sanfea amjeradway
2100 a8eIaAR A} pue GO A} UddM}aq ydyewstua oy Aq pakerdsip st 1apef ay, “1o8uoy Aue sSurpear
amjeradway amnd se pajardiojur aq JouUEd pue ISYLINY ISLIIDUT SIN[BA UTRI}S AU} Ay} ‘[eIaudd uf

(AT 28e18) 19qy 3Y) 0Juo parIdysuel) ST urens [eal ‘sajepd Axods ayy 1)y [EMm A[qeuosear a1de YO

£q pue (saur] £218) s10suas arnjeraduay ayy £q pauruiajep sapdures auyp Jo 103uad Ay ur drnjeraduay
a3eraae ay ], -arjeradwa) se pajardiajur aq 03 pue aanisod are sGurpear ay ‘I 98eig Sunng
7 oSy ut
U935 3q ued A pue [[ saeig Sunmp juswdo[EaAdp Urens a3 ‘SPIOW Wd ()9 pue Wwd (] Y3 104
“MO[Iq SMO[[OJ SI[NSAI A} JO UOISSNISIP Y (£ 2B ‘Afferdadsa “aas)
¢°G uonydag ur pajuasad se amd jo 9a13ap Ay pue arnjeradud} Ay Jo JUSWAO[AID AU} YHTM UOTIIUU0D
UI U93s 3¢ P[NOYS S}[NSa1 3saY [, s20[q Ax0dd wd (09 pue wd (f “Wd (g “Wd O 10§ Umoys axe amjeraduudy
WOOI 0} UMOP [00D 3y} 1935k Y33ua] [9ssaA ajoym ay} Suore saford urens ayy ‘9 amry ur ‘A[reury
Juadrad ur
Ppajels St (sjudwLInseaw DS Aq paunuiaiap se) and Jo 32139p afersae ayy ‘sandy yjoq up
*G a3y ur saqunu
se pajeys pue § 2Bt ur saur| uaxoiq Aeid £q pazipensia st sowr UaALS oy 3e Axoda ay3 Jo 2100 Ay jo
amjeraduwa) a8eraae sy, “sajeurpio axnjesddwsy pue urens yjoq aaey sydeid ayy snyy, -amjeraduway
se pajardiajur aq 03 are sanjea ayy pue juaredde st [ 98eig Suump urens ayy ‘F 28y uy

12306 TFLL ‘8 ‘810 95 “[ddy



“UOISIOAU0D 9,9 Appyeunrxordde je suaddey sy

‘K103 23 Yatm aduepirodoe uf “jurod siyy Suissed aayye saqoid arnjeradway juspuadapur yym

paunuIalep sanea ainjeradwa) Ay} WOy JeIAdp 0 JIels sanfea YO a3 Jurod snypy Suryoear

a10Joq amyeradura) se pajardrojur st reuSs-ygO Ay T ‘1AdMOF jurod snyy Sunpear Aq pajesrpur
S1 I01ARY3q Ul d8ueyd ou ‘sjuswainseawr amjerddway ayy up -uoned$ jo jutod ayy sty 28I °

“( 2an8rg o) urens jou pue amjeradway se pajardisyur

2q 03 sTYPIYM [eudis JgO aan1sod e 03 speay winy ur iy, </ a8t ur ydead 351 oy ur uass aq

ued se amjeraduwa) SuISLT e 03 Spea UOROLaI dTULIY}0Xd JuroSuo ay} “PAIMOH 1aqy [edndo ayy
uodn Sunoe st urens [edrueydaw ou ‘sny, ‘paje[dad jou pue pmbiy (s st Axoda ayy ‘[ a8eigur

*31e3S UTe}S 0197 YO Y SI 1 “suosear [eanderd [[e 10, “SjuswInseaw [[ 23e1g

Aprea woy paysm3unsip aq jouued 31 3[qIssod aq PNOM SJUSWINSLIW JT UIAY “sjpuauoduwiod ay
J0 Sunxtur ayy 12338 APo2Ip SisIxd 98e)s SIy ], “uonoear JULImd Ay JO 11els Ay} A[Snotaqo sijadelg e

*Suosear Surmor[oj ay} 03 anp paynsnl are ‘Z A[qeL Ul paurno ‘Surmd jJo sadels ay ],
Surn) Jo sadvis x15 1'9
uorssnasi( ‘9

-, a8 ur pakerdsip amjeraduway
a3eraae Ay 10119 [RyULWILIAAXD UTYIIM ST YoTYM nedjerd e sayoear amjeradwa) ayy ‘@8pa ay) woiy
W -9 UIRIM *D, GOT PIIOXD I9ASU Jef 10SUSS JsI1J AI9A 3Y3 JO sanfea ayj ur padunouoxd jsour st sy,
“prow 3y Jo a8pa ayy spaemoy juarpesd armjeradua) ayy 93s Af1ea]d ued auo ‘dew amjeraduwa) ayy uy

ydexd ayy ur syuelq 3591 ST DUY ‘9qo1d © YIm Pa1aa0d Jou d1om
SIJPWINIUID Y} “[9SS9A AU} JO pud a3 3y “uonisod siyy punore saqoxd Suruondunyjewr omj 03 anp st
u g€ pue wo e Usamiaq ded sy “plow ayj jo [fem ayj woxy Aeme wiwr g paderd sem I0suds 3s11y YT,
WL} UdaM}aq WD B JO DURISIP & yyrm paderd aram asay ], Axoda ayy oyur 1aqy ayy jo jutod Anjus ay
e SI0SUdS da1Y) Ay} are uondadxd Uy W g—7 Sem s10suds arnjeradwa) ay) jo Ajuofewr ayy Ay usamiaq
DUL}SIP DY, “BAIE SIV} UI SIOSUDS dI0W 0} anp Ax0dd ayj} SI9UD 19q1J DY} dIYM SULIN[OD PIZIS AFUIIAITP
3y} DU “IOSUIS 3XaU A} 0} KemjTey BaTe ay} S1940d 2qord arnjeradwa) yoea jeyy pawmsse sem ji
“ydei8 sngy 104 “prowr wo (9 Ay ur Axods ay jo amyeradura) Juspuadap uonedor pue awry, ‘g amSry

(wrur) rosuag aanjeraduwia], JO UOIYISOJ

9 0S¢ 00¢ 0S¥ 00F 0SE 00€ 0SZ 00Z 0ST 00T 0% 0
=
=
8
00g ®
—
g
5
=
0gg
09T OFT 0T 00T 08 09 OF
(snisp)) s0aa89(]) aanjeraduwo],
1zjozt I¥LL’8 ‘8102 10§ “1ddy

“UMOYS ST UOTRIA[20. JURdyIuSIs e

“[9SSIA WD ()9 DY} UT UOT}ORI dY} I9}Je Pue a10jaq wordar awny oy 105 dewr arnjeroduey e ‘g omSry uy

‘sixe siy} Suope a[yord amyersdus) yuspuadap aw e Jo SurpIoda1 Ay} pamoife siy, g an3Lf ur umoys

Aqreoneways se “raqy reonndo ayy 0 [dfered pue aaoqe padse[d arem siosuas ayy ‘dfdures wo (9 Ay
10§ “1oA9MOH “Ax0da ayy ojur Afwopuer ind arom saqoxd armjeraduay ayy ‘ordures un 0T Ay 101

‘urur g1 “ed jo ajdwres agrey ayy ur pue unu g¢ Ajyewrxordde

Jo uonenp e pey A a3ejg ‘dfdwes [[ews ayj uy ‘urw § “ed afdures wo ()9 ay) 10§ pue urwu Gz “ed ajdures

wo (T Ay} 10§ 39)se] A 23e)S UOHRIND JI0YS IYFeI JO A pue AT saSejgare ¢ pue § samSr] ur srquinu

Ay Aq pajedrpur st sy “paypear axe sarnjeraduway yead roySry Apuesyruds ‘prow 1a8xey ayy uy “prow
IS[[BWS AU} UT IOMO[S SEM UOTJORAI AU} JeY) MOYS BIep 2Ind Jo 32189 ay} pue amjesadwa) ayy yjog

‘SMOLTE pue saur] £218 paysep Yitm payiew aie

A pue A saderg ‘sam3y yjoq uy *(£ a3y ur a8ewr jySur) Axoda ayy Jo a1nd jo 2213ap ayj jo ssarSoxd

popuadap awn oy suTuLIB}ep 0} sjpudWLIdXd HG(] 0M) 10 yndut se pasn a1om ejep asay, */ am3r]
ur a3ewr 3] Y3 UT Uads aq ued afdures wo (09 Ay} pue wo (T 3y jo amjeradws) 2100 a3eraae ay,

Juawdojona g aanD Jo sa18acy puv aunjviadmia, ¢'q
‘sprour (aury/saxenbs par) wd (9 Ay} pue (urf/SIOP JIB[q) Wd (T AU} Ut
(a8ewr JySLr) a1nd Jo 22130p oy pue (aSewr 339]) arnjesadwa) 2100 a3eraae ay Jo Judwdopad( ‘£ 2By

(urw) sun, (urw) sunty,

000T 006 008 00L 009 00S O0F O0E 00Z 00T 006 008 00L 009 00 00V 00F 00Z 00T

]

AL 9838

A amﬂmff C ]

agdures wa o1

)
S

Foot

2
2

. oty

r AT 93e3s ozt

Degree of Cure (%)

087 omqusodua 2100 asvsone
Uy WOAIS woKsIOAUOD

ou jo yuomdoppaa(

oot e

port

(snispp seaaSa(])
aanjeradwa ], 9100 ofeloAy

“omyeroduo) 010 oFeioAe
a3 Jo yuemdoporacy

‘3 ayy woxy uondadxa
[enjoe Jyj Se PAIdPISU0d 3q poys dduwres wo (] Ay} ‘SNY], ‘dWes Y} PIISPISUOD I ULD SaINJedf
SNOJEWOU. 0M} 353U} JO (SHIE)S dwes ay} Yorym Je uorisod ayy pue neajerd ayj Jo anjea urens ueaw sy}
‘syuatpeid urex)s ayy jo sadofs ayy ‘Ad[[eA urens sy} Jo YIpIm Y} pue ul aN[eA Ures}s WNWIUT 3yj})
SOSLIBIORIRYD S} SIWI[ J[RUOSET UMM JeU} SMOYS SIAIMD urens ayy jo uostedwod v
‘poypowr Juswainseaw ayy jo uoresridde rersus ayy uo sdusNfuI
OU SBY I ‘DINJONIS A} SJIXD I Idjje jsnf son[ea urens ayj s}09fje SI} 9OUIS ‘1049 MOL] *[67] Ut poyowr
pardde ayj jo S[TEIP Y3 JO UOISSNISIP S} O} PILIJAI dIe SI1dPeal pajsasajul pue raded sty jo adods
AU} SPISINO ST IDAIMOY WISIURYIIW ST, "BJeP MBI Y} WOIj SPIEMIS)E PIUIWLIDIOP 3] UD SIN[A UTel}s
nySuTuEaW OU pUE J[NSII SE [RUSTS 19}3LdSOBJ AU} JO UOLPNPAIT JOYINJ  Sey Iaq1y ay Jo jurod 31xo oy
je juarpesd urens daays puodas Ay, 2INIINLS AU} SIAUL 12q1y dY3 1ae apnjrjdure [euSis 1apedsydeq
SUIYSIUTWIP © UT S)NSAI UINJAI UT YPIYM ‘131 3Y} JO SUTPUSQOIIIUT 0} PBI] SUOHIPUOD 3], 7 UOHIAG
ur pauoguaw se ‘03 pasodxa st 1aqy Teondo ay suonrpuod redrsAyd reuondadxa ayy jo uonesajTURW e ST
apdures wo (09 Ay} pue wd f Y3 10§ 19qY Y3 Jo Jurod J1Xd Y} SPIEMO] SIN[EA UTeI}S A} JO UOHRIOLIAP
Ay} Jey) Pajou 3q 0} ST ] "9,96°() JO AM[BA UIRI}S UBIW B jim 2nponas axip-neajerd e oyur sdopasp
urexns ayy ‘A[[eury “uru/o,81('0+ Pue ww/%,g800'0+ U9amiaq adofs e syqryxa pue wo ¢'§ jo yiSua|
UBAW © 19A0 $308 Juarperd puodas siy, A3[ea siy3 smojjoj juatperd aanisod puodss y -afdures wo ([
ayj 105 anfea ayy 03 apqeredwod st 1 ‘9,0 [— JO anea ueawr e YA (¢ d[qer. ‘3o) sajduues xaSxe|

124011 TFLL ‘8 ‘810 95 “[ddy



“JUNODOE OJUT USY e} 3]
(P[NO2 10) PINOM SIU} JI USAS ‘JUSIAJJIP K19 3¢ 0} Paldadxa 9 03 J0u d1e S}NSAI Ay} pue [A 23elg JuLmp
101 1ounur e sAed 28eyULIYS 21Nd 3y} ‘DA0qE PIUOHIUIUI S /6 SM SIN[RA JSITj AU} 10J UOISIDAUOD Y}
‘apdwres wo (o9 ayy 104 -vrnjeraduwa) uontsuen sseS a3 9A0qe sanfea Jo Junowre JuedYIUSIs € daey 0}
UOISIDAUOD 9,6 1€ San[eA asn Apeai[e 0} UdsOyd sem J1 ‘d[duues wd (] 3y} 10, "BSSISE dY) Se PIsn a1om
amjeradura) o8eroae ayy ‘ardures wn (T oy 105 ‘pue uontsod snyy je 10suss oy Aq papRIA amjeraduay
Tengoe ay ‘opdwes wd (9 Ay 104 “UreIs 3y} A}eno[ed 0} ADUIIAI Ay} St pasn a1am ‘G a3y ur syderd
1addn ayy ur umoys se ‘A a8e1g Jo pud dy) Je sjudwWAINSEdW Y], "sajdwes wd ()9 pue wd (O] Y} JO
S[PPIW 3} 10 ¢ ST UT duop ST s, danjeraduway au Jo Louspuadap ur papord st Axods pamd
A1y jo yuswdojaaap urens ayj Ji (4.1D) uoisuedxad [EULIAY) JO JUSIDIFA0D SYj JO UOHBUTULISNAP U} 10§
smofre s1y [, -adexurys [ewaayy Aq A[PAISNXa jsowfe pauiaAod st ssadoxd Surmd ay jo 1A a8eig
*[ELI9}EWT SUIES Y} PUE SUO JO PAdpUT ST 320[q
Axoda pamd [y ayy 1ey) papnidu0d aq ued J1 ‘SN, “punoj aram sarradord 0my asay) ut sadUBIIP
JuedyTUSIS ON "PaINSeawr sem eare neaje[d- 10 Ad[[eA-urens ayj JOYIIS JO [eLRjeW WOy amjeradud)
uonisuen sse[3 pue Aysusp sy pue sadard ojur jnd sem sfdures wd (f 3y “Afiqissod sty apnxs 03 ‘ng
‘papadxa J0u ST ST, “eare A3[[eA-UTBI}S S} UI SUO Y} URY) [ELIDJEW JUSISJJIP € SI eare neajejd-urens
ayy ur Axodo ayy J1 9q pnom neajerd urens ayy jo uonewrroy auy urerdxa oy Ayiqissod auQ

sajdug a81v] ur nvagld-uwijs v Jo uorpuLiod ayj iof uonpuvidxg 3qissod v 9

-9100-a1dures ayj ur panseaw sanjea ay} 0} paredwod pakepp jou st a8pa ay je juswdopadp
amjeradway yuapuadap awry 3y “19AdMOL (£ 2181 Jo a3ewr 3331 Ay Ut sjop de[q Jd) adures wo o1
ay jo amjeradura) 9100 9y} 03 Teqrurs st apdures wo ()9 ayy Jo a8pa ayy Je sanfea arnjeraduwey ayy,
“T0suBs js11y K194 Ay} Aq pajuasardar ‘spdures ayy Jo a8pa au 1e A[eradsa usas aq ued s1yJ, *a100 Ay Aq
uaaLp st apdures 1a8xey ayy ur drwreudp Sunmd /amjeradus) soym ayj ‘g a3 Ur 39S ULd U0 Sy

“pajera[ede AJUEdYTUSIS ST UOLIRAT U} SN} pue paydear st amjeradurd) yead
I9YS1 YoNwW e “WSIUBYIIW-3deqpady paure[dxa sA0qe u} JO asnedaq ‘plow 1o31e] ay} Ut 19jsey yonw
SI uOTjORaI AY) AdUIG “Sur[00d syreys afdures ay) pue paurejurewr aq Jouued amjeradway syead ayy jeyy
MO[S 0S SIUIODA] UOTOBAI 3} ‘DN JO 99189P 9,66 PUNoIe 3y A 28e1G Jo uoreImp )} 10§ JULISUOD sAejs
armjeradws) sy pue yead e saydear amjeradws) ayj ‘sny ], -adeyans ayj e Surjood yym wnrigmbs
UI ST J3Y] PISEI[II A, "%, SIYDELAI 2IND JO 32183P Y} USYM PajeIduas ST Jeay SS9 pue UMOop SMO[S
UONOEAI Ay} “S3SED 0] U] “JuswirIadxd Wd ()9 dY3 10§ Ut 6T 3snf unpim O, 001 “ed Jo asur amjeraduay
daays a3 surepdxs jey, “uo os pue padnpoid s Jesy 10U 3y} “UOTILAI A} 19ISEY SY [, "UONOLAI A} J9JSe)
ay “armyeradway ayy 1aySry oy, Juapuadop amjeradua) ST UOTIORAI S[OYM Y], "PIOW [[EUUS SY} UT U}
19358y dn SuTurrem st [9ssaa 1a3xe] 3y ur Axoda ayj ‘@dudH] *(3eay paonpoid jo junowre ay 03 paredwod)
Keme parrodsueny st jeay ssaf ‘sny ], -adues [[ews 3y 10J ULy} SWN[OA Y} 0} dATR[dI I3[[ews sI sajdures
1081R] B} JO IR ADRJINS AU} ‘OLUT) dWes A} }y "Jedy arour sadnpord Axods jo yunowre 1ayeard auy
S[9sSaA 1a31e] U} JO 3SED AU} U ‘[EAISIUT SWT} dWes Jey} SULMp 3eay Jo Junowe Iayjoue Keme ajerpes
Ued BIIR 3DRJINS JO JTUN SU(Q) "UOTILAI JIULIIYJOXS Y} 0} aNp Jeay Jo junowre udAIS e sajerousad Axods
JO JIUN SWNJOA SUO “[EAIJUT SUIT} UIAIS B U] [2SSIA I[[eus ay} ur £xoda au} JO O1jer SWm 0A-0}-90ejms
198xe] 3y 03 anp pauredxa aq APy 3sow ued amjeradway yead 1BYSTY pue 2D Idsey AL

Juawidojaca aanD Jo 224821 puv ainjviadiay, ¢'9

‘mo[aq paure[dxa se ‘[993s 9y} jo uorsuedxa [eULIdY} Y} SMO[[O] DI0D
Axoda a1y Jo uorsuedxa TeurIoYy Sy JeY) IO)EW AU} 0} Paje[aI aq 0} pawmsse sI 1 ‘ureSe ‘pue ‘9 amIBry
ur umoys st saydures 1a31ey [Te 10§ dnsLIdIORIEYD ST ST, ¢ 9IS1 jo aFewr 3y3ir 1omor a3 ur uses adeys

jr4C5a8 TPLL 8 ‘8T0T 725 ddy

M-, M,, 43 sdojaasp nq adeys ,qniyreq,, ays urejurew jou saop sajdures a8ref ur pjour ay Jo yp3us|
aY) 1040 urexs ay ‘ssadoxd Surmd ayy jo [A 98eig uf ‘A a8eig Sunmp spdwes wd (] Y} Se I0IARYI]
aures oy} moys safdures 1e8rey [T a8eig up “prowr ayy jo sxe-yydudy ay Suore syord urens ayy jo
adeys-,,JAl,, PAAISAO dY) 0} SPEI] STy} “pajoajye Jou axe ajdwes sy Jo SapIs Yy AdUIS “[resdp ut paure[dxs
ST SIY} 49 uondag uy Axoda ayy 03 paredwod uorsuedxa [PWIIBY) JO JUSIOLJA0D I19MO[ dpnjrudew
JO I9PIO Uk Ssey 1ay3e] Y[, [993S dY} Jo uorsuedxa [ewriayy ay} smofjoy 9100 Axoda ayj jo uorsuedxa
[ewLIayy 3y Jey) pawmnsse st 3] -d[dwres ayj Jo 3109, Y3 10§ Pres 3¢ JOUUEDd SIY} ‘sa3pa dYj e ased ay}
ST S1y) YA “urexs juaredde paonpur aimjeradway £q jsnf ueyy sanjea urens 12yS1y 03 speay A a8e1g
Burmp uorsuedxa TewIayy jey pajoadxa st i1 ‘ordures uo 01 ay3 jJo 1o1aRYq 2y woxy Surdpn| -ardures
wd (O] 3y} 03 Jefruurs st ssadoxd Surmd ay Jo [1 a8eg “ aSry ur yded 3ySur ayy ur usas aq ued sy
“UOTRWLIOJUT STU} 03 30adsa1 yjIm 1241y oy} Suofe pajdadxa aq 03 ST I0TARYD] JUSIDJIP © ‘S, ‘[[em
a3 ye Apdarrp sarnjeradwsy Mo AFuedyrudis Yim ‘pastasqo aq ued sjdures ayj jo sa3pa ay} spremo}
juarpesd armnjeradwa) e ‘g a3y ur usas aq ued sy ‘sajdures 1a81e] 3Y) 10§ S)NSAI ) SUISSNISIP UdYM
purur ur 3day aq 03 sey uoreuwIOjuT O 90a1d JureyroduT SUQ WD ()7 weyy 1o3xey 10 Tenba yyBuay B ypIm
sapdues [[e 10§ danejuasaida st yorym ‘s[dures wd (9 au Jo s[duwexa ay} Yrm passnosip pue Umoys aIe
SIOURIAJJIP IS [, “JUSIDYIP A[[eJustepuUny a1 $109dse SWOS IOASMO “[ISSIA WD ()] SY} UT Se dWIes oy}
spoadse Aueur ur st sanfea urens paaIdsqo ay Jo Juswdoaap ayj ‘(wo (09 03 wd (z) sojdures pajsed a8re|
10,] “33BNULIYS [EULISY} O} NP SINUNUOD SIN[EA UTRL}S AU} Ul pua1} 9ANe3sU aYj 10AdMOH “aequrLiys
21md 1aypany Juedyuis ou 30adxa ued auo ‘A d3elg ur paypear amd Jo 3213ap Y31y Apusanyyns ayy 03 ancg
-G o8t ur ydeid 3o addn ayy ur umoys se ‘o,z Apyewurxordde jo sonea urexs ayj Jo surPIp A
10§ a[qrsuodsai st urens aaneSau padnput sesuriys amd 3sn( ‘odusp -aoe[d saye; uorsuedxa [ewriay}
193Ny ou ‘amjeradurd) Jueysuod e £q paziajoereyd st A a8ejg adurg amjeradwsy 10y31y e Aq pauredxa
9q A[3[0S P[NOD UL} U §T§ }e JUSWMSeaw 3y} Ut sanfea urens (juaredde) 1oySry o3 Surpea] “peor
[eurIayy 3y 03 pappe s peoj [edrueypaw (danisod) e sueaw jey], “Surpuedxs sanunuod Axods ayy
‘(£ 0m81] ) Sursia [[us st anjesaduwa) Y 9IS “TOAIMOE “d8exurys amd yym Suore 08 (saop Aqeqord
pue) p[noys AJ a8e1g SuLmp SuLmd 1Y}, 13y AU} OJUO PILIBJSUEI) ST UTEI}S [EDIUBYDIW YDIYM UT
AT 98e1g ur st ssadoxd Surmd ayy mopN 1aqy a3y ,sduig,, pue ([1] a8e1s) saje[ald Axoda ay) “UoISISAUOD
9,09 "8 3y 'saqoid arnjeradway yuapuadapur ayy Aq papraif se (+ a3 ur saur] £218) amjeradway
98eIaAL BY} TESU SAN[EA JABY UTW HQE PUE UIW GRZ “UTUI () J& 210D U} UI SIN[A JUSWSINSLIW IO
ay) pue urexns jo peajsur amjeradwa) se pajardiajur aq 0y are sanfea ayJ, -arnjeradwa) Sursir ayy
0} anp paaIdsqo st urens aanisod juaredde ‘aaoqe paquosap sy 31, Surddus,, jou st 31 asnesaq
I9qIy Y} OJUI Urex}s [edIUeYDIW I9jsuer} jouued pue pmbiy (s st Axodas ayy ‘I1 98e1g Sutng
‘sopdures 1aS1e[ [ pUe [[WS JY} USIMI] SIIUIDJIP S} UO SJRIJUIDUOD PIYM
ardures /(g pue § samSr ur mox/a8ewr 3y3Lr) wd ()9 Y3 JO UOISSNOSIP & £q PIMO[[0] ‘JSITj PISSNOSIP
SI 31 “I01ARYdq Pajdadxa ayy smo[[oj (¢ pue # saandiy ur moix/a3ewr 35a)) apdures wd O] Ay} DdUIg

Juawdojanaq s 7'9

‘A 93e3g Sunmp paydear aq ued UoISIdAUOD 9,00 T pue paddiys aq
M AT 28136 Jeu sueawr Jey [, "amjeradurs) juejsuod e je jdoy aq ued 31 Suneay [eusayxe £q 1o ysnous
jsey Aeme pajrodsuen aq ued Jeay SIUIBY3oxa [[e ‘sajdures uny ur ‘ojdurexe 10 "UOHINPOIU Y} UL
PISSNISIp Se ‘3[R[[OTU0D JRYMIWIOS dIe $a3e)s aSaY) [[e JO UOTRINp Y} ‘MIIA JO jutod [edTuyda) e woiy
‘yey) SUTUOTUSWI }I0M ST JT “UOTIORaI [eDTUIYD JYj ur ajox Sutuygap e sAefd amjeradurs) auyy aourg

-, pamd A[ny,, se uaas aq ued Axoda ayy “‘sesodand eonoesd [re 104
-a1dures ayy Jo umop 005 3y Aq pauIaA0S ST oW1 S[OYM A} pUR PISEI[I e LAY JO SUNOWR
Snunu jsnf eys Mojs 0s are suondear SuroZuo [[e jey Y31y 0s ST UOISISAUOD 3y} ‘[A 93eigup
‘umop Jurmors
SI UOIORaI [EDTWAYD 3Y) JNq SIDUBAPE UOISISAUOD ], "dN[eA SIY} e SAB)S pue wnuixew e
saypear amjeraduray ayy yeyy oey ayy £q a8eys snoraard ayy woxg Jpasyt saysmBunsip A a8elg  ©
‘uonjoear Surmd
(Bunerafadoe Aqeqoxd pue) Suroduo ayy 03 anp amjeradway Surst [[us ayy £q pauyap st A]a8el5 e

12§ €1 TPLL ‘8 ‘810 195 “jddy



*[9SS9A [99)s Surpunons ayj jo Ay £q pauraod

st eare sty ur SurLnod epun sequrys [euwnayy jey st Afewoue sny jo uoneue[dxs sjqissod v

“JULIDYFP0D uoIsuedxa [EULIBY] 3Y) JO SSLAIDUT UE ST I0IARYq pajdadxa ay L, ‘1t mofaq o} paredwod

amjeradurd) uonyisuern sse[d oy aaoqe Id[ews apnjrudeur Jo pIo ue jrey Suraq uorsuedxs jo

JUSIOIFA0D [ewLIayy Ay} £q pajensnyr st siyy, Axods Jo SWN[OA [[EWS JO SJUSWDINSEIW WOI)
padadxa se aaryaq jou s90p SuLmd sapun suswiads a31e] JO 1)U A} UT IFeNULIYS [PWLIBY} Y[, e

‘sapdues [[ews uo pamseaw surens 0} puodsaiiod jou prp

os[e Loy pue suswrnads 981e] 9y} JO SIPIS AU} WOIJ JUIJIIP A[qejou a1om uorar neajerd ayy ur

surexns Y, *210J9q PAYUIPI J0U SEM Jey) SIPIS 3y} woxy Keme wd g 03 wd ¢ Apjewrxordde sypprux

ay} ur sdoaaap neajerd-urens e 19A9MO} "sa[dures [[eWS WOIJ SUOIIRAIISCO UMOUY Y} O} JR[TWIS

SaABYD( SIPIS A} UO UTexs Y, -drnjeradursy woor 0y Surfood ayy Sutmp ,adeys-p,, € aquosap
Aayy nq adeys-qniyreq e moys jou op surens Jurmod ‘(Suof o (9 03 0g) suswads 1adre[ 0] e

-arduues a3 Jo umop [00d ay Sunmp passasaid st yorym ‘adeys ,qniyieq,, e sdofpasp

a[yoxd urens sy ], ‘SPOYIIW JUSWAINSLIW UTeI}s 130 Sursn sarpnys snoraaid woiy pajoadxa se
saAeyaq 300[q Ax0da Surmo e jo sixe s[pprw ay} uofe urens painseaw ayj ‘sajdwes [ews 104
“ApuaIagyIp aaeYRq 0o[q Axoda a81e] pue [[ews e opIsur surens Suumd Ay e

‘nd ST 19qQ 9Y} TOAIBYM IO “UDUIDAS d} JO IojUd

a3 03 sa8pa ayy woy Surydear 19qy Y Jo YI3ua] A[oym dy} Suofe uress dyy Sp[AIA 31 asnedsq
‘sjuswrainseawr jurod snorasid uey} UoRULIOJUT dIOW A[(RISPISUOD SIAIS poypawr YO YL o

[01°6] sBunyesl 33eiq 1aqy Sursn sapdures [[ews uo sjuSWAINSLIW
jurod ym paredwod symsar judlsisuod awes ayy APaneienb saald poypw Ygo oYL e

“poyzow styj jo uonnjosas eeds ySny oy
£Aq a1qissod apew ‘punoy sem 1o1aryaq Surmd pajoadxaun pue maN Kxods jo sydo[q [[ews pue a8re ur
Bunmd Suump surens amseaw 0} parjdde A[nyssadons sem YO ANPW0II[IY Iayedsydeg reondo

SuoISNPUo) 4

AJIuNUIUIod dDYHUSIDS ) 10 JSAIBUT JO 3q Aew sy jeyy ySnoyy pue sajdures a3xef
ur euswouayd pajoadxaun awos A[JULISISUOD PAISAOISIP dARY aMm ‘Suruapiey ay} Sunmp sixe ayy Suofe
urex)s dy} 2INSLIW 0} PoyIauw Mau ayy woxy yredy “parmbar are samjonys widwrs ‘spuswaimsesw
[opow Y} AJLIdA O “S)USWLIAAXS SATSUIUI-}SOD JNOYIIM sassadord Surmioeynuew aaoxdur oy djay
PMoMm ST, *(S9SSaI)S JO UOTIR[NO[ED PIUOTIUSUT dAOGE U} SE [[oM Sk drmjeradurd) /o1md Jo 32139p oy
ym sanradoxd 1ajo pue Aeded jeay ay jo aSueypd “sonaury uonoear “3-3) sarnjonys a3rey jo unsed
AU} AJR[NWIS 0} PIPUIIUT IM LY} SeM SUOLSIISIAUL 3S3L[) PIP M UOSEI J[OUM 3} TOAIMOL]

*5}09§39 953} JO UOLILIYIIUIPT MO[[R
319 PaqLIdSAP SPOYIaW YO YL “d3exuLiys /spaads SULIND JUSISJJIP pue UOHIEIU0D 10 uoisuedxs
[eULISY} JUSIDHIP 0} pea] Jusuodwod ay} sso1de saduasayIp amjerddway, Apuedsyrudis amjeraduway
TeUIDIUT S} SIDUSN[JUT UOTIOLAIT [EULIBYIOXD Y], ‘JUSIfjIp A194 st sajdures agrey 105 uorenyis ayy ‘raded
SIY} U UMoys sy jusuoduwrod ayy apisur saseardur arnjeradurs) a81e] asned jou sa0p uondear Jurmnd
AU} WOIj JedY [EULIdYIOXD 3y} pue jusuodwod ayy ojur parrdysuer) ApPmb st jeay ay asnesaq ‘Suryeay
Teura)xd £q 39s 9q ued Jusuodwiod ayy jo amyeradway AY [, “[OIUOD 03 IATSsed ST ssadoxd Jurmd ayy pue
wroyrad 0) 191SEd dIe SJUSWAINSEIA] "POOISIdpUN [[om A[Arerar st sajdures [fews jo Sunmd ay [
-s1owk[od padiojurar-1aqy
JO SpEW SaPE[q AUIGIN} PUIM JO SJ00I Ay} Sk |ons ‘apew axe spred a3re] pue o1y a1aym suoreordde
paseq spwA[od 13130 03 anbrupa) Suriojruow sy} pusyxa 03 A[qissod aq Os[e PINOYS I] "SAINIONLS [LAT
Je spuRIIadxXd dATSURJUI-}S0d JNORIM sassadord Surmyoenuewr saoxdur 0y diay Aew sy, “samyonas
a3xe] ur ss9201d Surmd sy SUIqLIdSIP SUOHE[NWIS PUE S[PPOU AJLISA 0} PISTL 3¢ Ued SJUSWMSEIU oNG

123091 TPLL 8 ‘8T0T 725 ddy

-suonjedrjdde [eoruyay jo suonjewrxordde onsijear arow aq Aew snyy pue syudwradxa A10jeioqer ur
pasn A[pensn axe jeyy sajdures ueyy 1981e] are Yorym spusuoduwod pajsed UTgiIm surens Jo Sutiojruow
1931IP MO[[ PAQLIDSIP SPOYIdU A, "S3UIysnq JOUWLIOJSUL] IO SISWLIOjSUEI) [ELOI[ “3-3 ‘s1owk[od
ym spred a8xe Sunsen 0y parjdde Apoaxrp aq ued y10Mm sty ur pajuasard synsar pue poyaw Ay,

0UDQIIY [V4IUID) "G'9

¢a1dures wo (1 aY3 10 SAS[TeA uTe}S Ay} JO BATR Ay UT
uaddey jou sy saop Ay :uado uonsanb ayy saALI I ‘SUOTLAIISGO SNO[EWIOUR JO[EU 3Y} JO SWOS 10§
uoneue[dxs radoxd e aq pnom sty sy (5 28y jo yded jyBur ayy ur aamd anpq “yo) sydures ayy jo
3100 3y} 10§ sanfea drnjeradud) aSerdAL Ay} MOJA] e saN[eA YO Y3 ‘S, *dFesuriys amd Juedyrudis
e nq aoe[d sayey 2100 a1} jo uorsuedxa [eursayy 3qrdr3au 1sn ‘90U 13D Sy} Aq pajdajje aq Jou
Kewr a8exurys amd ayy ‘AT a3ejg Sunmp sajdures a81e[ Jo 2100 Y3 10§ Pa)OLISAI ST UOISURAXD [eULIA)
ayi a[YM ‘AT 98e3s Surmp adeys-, 1], € jo Justdojaaap ay ure[dxa Os[e PNOM WSIURYDAW SIY ],
‘payoadxa se Apyewrxoxdde g1 e yitm Surpuess aaig st Axoda ayy Juressuod siy) NOYIM "YIpim
SP[OW Y} UAY) ID[[LWIS SIUWO03] JWN[OA [RINJRU S JT ISR S[[eM S[SSIA A} wo1y saydejap Axoda ayy
‘payoear st armjesadwa) ySnoua mof e 30U Axoda ay 10§ pauressuod snyj pue [33)s Ay} Aq paurasod
ST UONOAITP IaqY Ul AFeSULIYS [ewrIay) Ay Jey) 199dxa A[qeuosear p[nod auo ‘9dusp [99s UeY]) [eLIajew
193J0s € [us st Axoda ‘roadmop] -amjeradurd) uonisuern sse[d oy} 2A0qe UaAd ‘Apoq pr3ir mayjer e st
3001q Ax0dd a3 “UOLEDYIPI[OS 19}Jy "PUO [EITULYDIIW € SWLIOJ PUE PJOW 3Y} JO WOF0q PUe S[[em pIs
Ay ysureSe ssaxd 03 sreys Axoda ayy “@dUSL] “[assaA yy ul (93] pmbry Sursix e £q pasueeq aq 198uof ou
ued uorsuedxa [euriayy 03 anp sadueypd dLiRwN(oA ‘saje[ad Axoda ayy 9ouQ “Surmoroy Ay} apnPUod aM
sy [15—6¢] SHAIXe [993s STLD Jo d3uer ay} Ayl UNPIM [[PM ST | Mo 0L - 9T JO ALD V
‘uaA18 st Louedamdsip sty surerdxa jey wstueydaw d[qissod e ‘moag "pajoadxa ueyy 1amof sapnyuewt Jo
19PI0BUO ‘Y (T - 9T pLm ST adures w09 3y JO A[PPIL 3y UT 1) 3 ‘23S £19qqn 3y Ul 19AdMOH
“ye)s Assel3 ayy ur adures wd 09 Ay JO APPIL 3y I0§ Pres aq ULd dWes 3y} ‘| ¢ 01 - 54 JO LD © YHIM
-amjeradwe) uonIsuer) sse[3 Ay A0qR | N 40T - LLT PUB MOq | ¢_0T - 4§ YHIM PIUTULIDNOP dIom
98uer swes ay} ur uorsuedxd [eULIDY} JO SHUBDYJA0d ‘ddwes wo (9 Ay} Jo Ad[[ea-urens ayy uf
‘[8e-¥€] sarxode-ygand 1oy10
10§ pajrodar se a3uer dures ay ut ST STy, ‘drmyeradwey uontsuen sse[d ayy 9a0qe | ,_01 - 88 Pue
MOq | 0T - Z0T 2 0} PAUIIIAIAP SI FLD Y ‘PO Wd 0 A3 JO APpru ay ur Axoda ayy 104

*ss2001d Surnd ajoym ayy jo [A a8erg Surinp sajdwes (sarenbs anjq) wo g9 pue (sjop 3e[q)
W (] 9Y3 JO S[PPIW 3Yj Jo IFequLIys [eurtdyy ayj jo juswdopasp juspuadep smyersdway, ‘6 1Sy

(snispop soaa8a(y) eanjeroduwo g,

09T 0PI 02T 00T 08 09 or 0z
f 1 I L f ! L -
[ w0 e 00 9:0T+20T = ALO .\ )
[ wore . Fet
[ :sysduo| pnouwt
L Lot
- s Feo F
b 106 ¢ 01+6L = LD £.
o Loo- =
r —
3 X
L 100 901882 = ALO I
W Lz0-
F 00
L 1 1 1 1 1 1 1
12§0 6L TFLL ‘8 ‘8102 105 ‘1ddy



-sa8ned urens fenyara Surddepoao-uou 10y se sures ay Apanejguenb pue
Apaneyenb are sanfea urens sSesoAe Suruuni sy} Jey} WLIFUOD ULD I9Peal pajsataiur ay} /[z7] erep
mer papraoxd ayy SurzAeue-ar £g jutod yoes ur pauruia)ap st anjea urexns a8eraae uruuni e pue
Burddeprano are sa3ned urens renyaia ay} ‘sny wo ‘() 03 39S sem sadned urens [eniara jusdelpe
0M} U99MJIq DURISIP JY} “Uonnjosar urens ay} Sursnuordurod oYM ww | jo uonnjosar eneds
' urejqo o -a1ay pajuasaid ejep ayj 10y wod | sem 1 pue a8neS urens [enjaia ayj Jo yySua[ ayy St
y13ua] sty “aremijos 009F JO Areyaridord ayy uj 1oqy [eondo ayi Jo yaSus] wod | 1940 pajenyeas aq
03 spaau [euSis pazayedsydeq oy} ‘wdd O¢ Uey) I9[[ews UONN[OSAI UTens e Urejqo 0} ‘Sueaw Jey],
(ev) My saupsarg
v
:[9Z] S°7 03 Pa3daUU0D ST 273 UOTIN[OSAIT UTRI}S A} ‘TOAIMOH] "W 6E()°() S
[[ews Se 2 ued Jru| uoynjosal [ereds [edn2109y) Y Jey) Paje[nd[ed aq wed 3t ‘[5F] G9F'T Jo WU 0GGT e
19q1J 3} JO XOPUI 9ATORIAI € YA "W g/F (T ST YV PUE WU (OGS ST I9Se] 3y} JO YISU[aALM I9Juad a3
‘009 YFO 243 104 “sjudwaInseaws 3y} wirojiad 03 pasn ase] ayj jo a3uer uruny snonunuod ayj jo
Suspaem ur 3ueyp 33 JTeY VY Pue YISUS[OARM IJUID )} Y “I3q1 SY} JO XOPUT JALIRII AU} U YJIM
@v) MV oy
114
S1YFO Surziun
SJUSWIDINSELAW Urex)s 33 Jo 47 uonnjosar [ereds ayy ‘[97] 2100 pue 13e8801 03 SurpI000Y

uoynjosay ureng pue renedg Ygo ‘g xipuaddy
*6 23] ur

UMOYS PUE §9 UOHIG Ul PASSNISIP ST 1a33e] Y, *(S10p yoe[q) paresuadwodun pue (saxenbs pai) spaggo
amjeraduway 10y payesuadwod afduwres wo (T Y3 10§ F1D) Y3 9Je[Nd[ed 0} Pasn sanfea ureng Ly NSy

(snis[e) s99139(]) aanjerodwa ],
00T 06 08 0. 09 05 OF 0¢ 0z 0T

sl b b b b b b b an L opepe

[ 06 90166 = ALD F
L 1-06 9-0T°L0T = LD -\ L
r v .

] [t
[ [ ] [
C pojesuadurod ot
r amjeradwo) JON r w
- r =+
- 80" =
I pojesuodmos  we F e,
” amjerodud) me ” =
- Fo0- —
. 'R
L F <
L ue Cyeo-
F e 7o
L e 106 901+922 = ALO L
- ' -0 9-01*882 = ALD [ z0-
L e L
[ nd [
AT ST FETEE PR FTRTE FEEE FETEE TR FETT e

124081 IFLL ‘8 ‘8102 05 “[ddy

‘urens [enjoe ay} Ajyuenb oy Aressadau aq Aewr
uonesuadwod snyy “armnjeradud) 1oySry je adeyurys 1omo] Appuedyrudis Jqryxa jey; sjuswLadxa uy
‘spuswitiadxe pajussard a1ay Ay Ut paaIasqo a1am Jey) sanjea urens yS1y Iayjet ayy 03 anp A[pSref st sty
JeY} JIWPE SIOYINE Y], 9SOy} WOIJ PaJe[Nd[ed S,7 1D Y} UO PUe J[3S)1 SIN[EA UIRL]S AU} UO [[eWS ST Urex}s
Tenjoe oy uodn amjeradura) ayy Jo ddULN[FUL AU Jey) smoys [y 2amry ‘pawrepoid sy (1 2amSig
ur Sjop ¥oe[q) [euSIs PAINSEW [[EI9A0 SU} WO PAjOBNqNSs 3¢ 0 Sey YIIYM $309)jd dnjeradway 03 anp
urens juaredde ayy Jo uorenored ay 10§ (£, 28y ') armjeradway a3eraae ayy asn 03 paynsnl st 1 yuIY
s10yINE 3y} ‘parapIsuod st ajdures ayj jo 2100 a3 Isnl 1 1AdMOH 19qY 3y Suore Jurod JuswaInsEIW
yoed 10§ SIy} Op 0} sjuswaInseawr arnjeradway juspuadapur jo uonnosar feneds ydnous poos e
aaey ‘(g amSry 3o) spduues wd ()9 Ay 10§ 33 ‘pasn SIOSUIS Auewr ay) UIAS Jou ‘A[Pyeuniiojun

-ardures w01 ayy 10y Arejduraxa suop st sy}

Iy 2181 U "SINJeA UTe}s PAUTULISIP dY W0y drnjerodus) ayj Jo adUaN[jur dy} Peqns 0} pasn aq

ued drysuonear sy} no parired are syuswainseaw amjesadws) juspuadaput J1 10A9MOH “pIfeA 1SUO[
ou st uondumnsse aaoqe Ay} pue 19qy 3y uodn pazajsuer st urexns [edrueydAU ‘sade)s 1oye] Surng

‘urens se pajordiajur euSis awes ay) 10y spue)s Wreddes pue armjeradwa)

se pajardiajur [euSis 19j3edsydRq aY) Ut AUy A} 10 ‘SNIS[d)) $aa13ap ur arnjeraduwa) Ay st [ a1aym

(1v) Q9T — I - 60'g = Mwoieddey

:awmy awres ay je parjdde are (urens pue aimjeradway) speoy yjoq jou
Jey) 21ns apeut st 31 se Suoy se suonejardiajur om) asayy usamiaq dn spioy diysuorefar reaur| e aouis
JIaj3eur J0u S0P s1y} ‘epnjdure pazsyedsydeq ayy jo sisATeue ayy Suruioiad aremyjos ¥gO Areyarrdord
ayj 10, “pmbr [[us st Axoda ayy ayrym 1aqy ay) uodn Suroe ST PLOT [EITULYIIW OU SDUIS IN[RA-UTRI}S
® JO peajsur anfea-amjeradud) e 0} ] 98e)g Ul [eUSIS PAINSLIW Y} SAPL[ALIOD 7'G PUR 7 SUONIIG Ul
passnosip sy 1oded siy ur pajuasaxd s)NSax Y Y3Im IRT[TUIe) SIISPEAI AU} Jey} SOUNSSE UOTIIS SIY T

SJUSUIAINSEIA] UTeN}S 3} uo arnjeradway, 3y} Jo duanpuy [fews ayy 1oy ajdurexy 'y xipuaddy

*spnsax ayy ystqnd o3 uorsap
Ay ur pue ‘4duosnuewr sy jo Sunuim ayy ur ‘ejep jo uonejardiaqur 10 ‘sasATeur “‘UOTR[[0d Ay} Ut (Apnys ayj Jo
uSIsap ayj ut aj01 ou pey s1osuods SUTpUNoy Y], ‘ISAIBJUT JO JIFUOD OU AIBIIP SIOYINE Y[, :}SAIAUL JO SPIFU0D)

*(0£0/608SHC ON 32(01]) AemION JO [PUNOD) (PIISAY Y], Aq 11oddns [eroueur ayy 105
syuey) 1191 ssa1dxa 03 M| PNOM SIOINE By ] “dULIE] 2IL0Y-S[[0Y 1outred [eLISNPUT 3Y} LM , S[ISSIA JURYDISW
pue 210Ysjjo 10§ sarSojouyday uorspndord Suraes [ang 940N, 399011 3 Jo jred ST jI0M ST :spuaWSpPa[MOwPY

“BUIpUNy [EUIBIXA OU PIATEIAI (PILAsaT ST | Burpung

*JSA 33 JO Surpuny sy 0} PANGLIUOD SULIRIA] K0 S[[0Y "UOTRJUSWNISUT PUE S[ELIS}EI PANCLIUOD

ANLN pue “1aded sy aj01m pue ejep ayy pazA[eue gy pue ‘H'S ‘Sisk[eue pue [eASLII BJep JHeWojne(fuas)
10§ DIBMIJOS AU} 2}0IM Pue SHudWLIAAXD Al pauriogiad pue pauSisap ‘PIAIIU0D H'S SUOHNGHIU0D IoyINY

‘spuausnfpe 19sn £sed 10§ MO[[R 0} PAJUSWNIOP A[PAISUIXD
SIApPOd [V “[##] € UoIsIoA TJ5) Ay} opun paystqnd st pue ¢'/ 'z uoyAd ur usptim sem apod [y
‘[e¥] qnpI uo paysijqnd osfe st swreadoid asayy 10§ 3pod 3y

“[c7] 1opun a1qereat ST elEp

31031100 ISI[INO S} UTL}qO 0} SIOM SIU} UT PISN SIEMJOS U} 10§ SPOD Y} PUE (SIEMIJOS JUSWNISUL
eun Areparrdoxd ayy Bursn) ejepmer sy} woxy pajend[ed BIRP UTRIN)S 3} ‘BlepMmel-y g YL

$32IN0SSAY ‘8

1240 L1 TPLL ‘8 ‘810 195 “jddy



[39u55010] "9F1-8€T “FL

‘ST0T “Sug g 14vd "soduio) “193pwW0P3[FaI IpedsdRq Tedondo ayy Sursn Sursuag ondQ -19qLy pAnqLysI
pm saysodwod ur sppayy urens SurSueyd Suumsesy 1V ‘oAU TN ‘WIdYeH CTH'[ ‘9AeID)
*810¢ “UOTEITUNUIWIOD [eU0SID ‘AeMION “Wiaypuoi], “urrsaurduy [erysnpuy

pue [edsTueyRSA jo Jusunreda(] ‘NNLN A80[0uyda] pue 90usG Jo APSISATU[ URISIMION 'V ‘SIPInery
*(810T ABIN 7T U0 Passadde) g¢ [YWILI-/¢ [YWILI-99¢ [YWII-F¢ [quiLi-sSw-juaSe-Surmd-amyida-pue
-gepru-sguw-ursar-ajoxida--aanpire-- /1onpoid /g -ua /wod uorxaymmm / /:di :aur[uo Jqereay ‘900z ‘€T
HARIFET HARL SO 1u98Y Sutmd ANIH PUe SET ANRI SON WS ALOMIdE—199Yseieq "UOoH
[19255010] *LETT ‘8 ‘810T 195 “[ddy "S[eriopely SupjulIyg pue SuruapIeH apIsu] WOl eje(] utens A3awopayay
1ay10083dRg [eondQ da0xduu] A[3earn) 0) POYIRIA SISATeuy douaIayay Suruuny v [y “4eAuLIIyY 'S OZUd
‘0L19% ‘9 “T10T 4o ‘1ddy “dx3 “samponng aysodwo) ur 1opedg y3oyhey Suisn

JuswRINSEIA ureng ondQ 19qr] pAINqLysi D 4N “F ( YUISIM “F “UOSSIM Y'Y “Bueg “ff ‘uioques
[rss010] *900z ‘Y 208 14O

‘Anowomyrau] y8uspaepm-1domg Suisn 19qr] Spow-HniAl pue -9[SUIg Ut sjuswaINSedA srnjeradua], 10
ureng panquysiq uonnosay YSIH SN ‘2JIOM “['d 91105 “H'N ‘WeBBoxg ' ‘ProID “1's ‘1e3ary
[paand] [1oxss010] "0FL1-GELT L€ ‘8661 14O ‘1ddy “1oneds

y3rerdey ym 1aqy reondo ur juswaInsesur utens payngrysip uonnjosar-feneds-ySip <[ ‘21004 A ‘Wed8oxg
"€1-0T ‘TIOT ‘#U] Y1030l "uoHN[OSaT

Teneds ySry APwanxs Yim juswamseaw urens pue amjeradws) ondo-a1qy panqguusiq ‘(@ ‘ddnureg
[39x5501D] *G00SE0 ‘T “STOT 1o14S 1IN 401G

“1aqy reondo panqristp £q $2INJONIIS 3}IDU0D UT JUdWISSAsse Juppder)) g “eqe[liA [ ‘sese) o) zan3upoy
[393s501D] "TSF—TFF ‘6€ “€T0T "Ssa204( [puStg *sAS “1oapy "saanjonns

91210u0d Jo Sunojruow yipeay 03 Sursuds paynqrisip 1aqy [esndo jo uoneorddy [ ‘sese) g ‘eqre[IA
[J225501D] "€26-916 “£E ‘TLOT 4oV “pling 43su0D) “WdIsAs Suisuas

ondo 1aqy paynquysip A[nu e Sursn samdns Y Ul UOHIIIIP JOLId PUE JUSWDINSLIW UTen}s dATe}uens)
M ‘maezudg ‘o ‘Ope[eL 9 Meatoy [ ‘ureg g ‘o[osa-aurdap N ‘quepsmy CA[ meusy
[39255010] €LI-F0T ‘09 ‘SLOT Juautainsvay

‘Bursuas paynquystp ondo 19qy Yim juswLInseaw urens uswnads-uQ v ‘Tepy g ‘81equana S ‘epnypn
[panan ] [7235s010)] "66 ‘9T “9T0T S40suas “sferarejq ayrsodwo)y ur suoneorddy Sursuag amyeradway /ureng
10§ sardojouyda 10suag o1dQ) 18qL] JO MITATIAQ D) ‘[[PIIR] {X “BAOUSWIAG D) “Ueley] ']\ “UeuySIIyRWRY]
[3oysso1D)]

“TOST-96¥T ‘IF ‘00T "Sug JdO "I0Suas panquusip paseq-3ura)jeds-umofrig e yrm amod apsodwod ayp jo
Suuojuow amjeradwa) pue urerns sNOAURINWIG ] ‘URAING Y ‘puedry X ‘Suaz D “Suenyy x ‘oeg
[Panand] [yogssoid]

*/8TH—TSTH ‘LI ‘LT S40SUIS "SIOSUIG IdqL] Paseq Sur1a)1edg umof[ig ur ssar8oi Juaday " ‘uay)) X ‘oeg
[PaNqnd] [12¥ss01D)] $£9-999 ‘€T ‘G00T ssaidxg 3O -satquuasse pue sjudauoduod Jo UoneZLIdORIRYD 10]
Anpwoyapyar urewop Ad>uanbaiy resndo uonnjosar ySipy g A “Ne8S01] SN “OF[OM ' “PIOPID g [0S
[19255010] *£SL~6€L 26 “9T0T “soypy *[ “SunsaL druosenyn yum uostredwod

pue waysAg Bursuag ondQ 21qr panqrisiq e 4q syurof de papuog ajsodwo) ur SULIIIUON [1mo1D)
sper) andne A ‘UeweZZNpIySIeYY Y ‘0dUURLS) 1y “IZZeI[RD) £ “I[[OWO0)) A ‘TUOqIe)) £y TUOdSeUIdg
[Panand] [3xsso1D] “009-865 ‘87 ‘€002 127 14O

‘sgunerd 88e1g I9qIy UT UOTRZIIDIIRILD JUSDIFA00-SUTdNod [e207] I ‘QUieres 0 H “Ta8IaquurT { “Lredders
[3255010] “TTe-b61 ‘I€ ‘T00T S uvisy fsuvdl jvoH "Wsay

Axodg pmbr jo ssa01 Suruapirer] e ur a3exurIyg 03 an( ssang Jo stsATeuy X ‘emedeeN L ‘eIMUIYSIN
[1245501D)] "TGTSFHTS ‘06 ‘STOT 195 4ajy *[ "uone[dS 1a)je SIeULIYS [PULIBY)} PUE [EdTUAYD

UTSAI JO JUSWIAINSEAW UOTe[a1100 adewt [eydi( "gy ‘sadi 'y ‘sarese]) 5y’ ‘ONUYRARTY 5y ‘OUdYDARTY
[3255010] "P6G1-G8S1 ‘P ‘PLOT 195 “Sug ‘wihijod

-1osuas Junerd 88e1q 1aqy £q surens padNpPUI-dInd J9SOULIAY} JO JUSWSSISSY '0) ‘DLIdSSN(] ] H19q0Y
[355010] *LTHI-LTF1 ‘0€ ‘TT0T “soduio] “jsvjd fuay *[ “syudwamseaws

2010y Teurtou pue urens [eondo Sunes8-83erg raqy Aq passesse ursax Axods paqy e ur juswdoadp
‘Bozidl [ ‘s1s00)-1981RY “JA ‘YosieH
[3ox5501D] "TTLE-S0LE “0€ “600T "S20 “+oHVIN

“uorjeariqejojoyd ur pasn suIsax 0m} U SUTEL}S Padnpul UOREdYIPI[OS JO SULIOUOIA D) “SeZIYdG (] ‘Sexperey]

SSAI)S pue urens [eurdul uo awrSar aInd Jo ag N ‘S0l !

e

e

0¢

‘6C

‘8¢

w0

9T

4

T

€T

w@

pr

‘0T

‘61

‘81

Ll

91

ST

i

€1

k1

01

123002 TPLL 8 ‘8T0T 725 ddy

[ossord] 1ge-9ez ‘I
‘L00T 17 “wihjog ssaidxy -siosuds Sunern) 3eig aiqry Aq passasse se SUOHIPUOD paureIsuOdUN pue

paurensuod rdpun Surmyd uisar Axoda paf[y e ur juswdopAsp ureng 4 ‘SozIdH [ ‘S1s20y-1981ey N ‘YISIEH 6
[3o¥ss01D]
199-2S9 ‘L€ “900C Jnuv 195 “jddy v 34vd “soduio) -anbruyda) YO dyi pue 10SUs DY pappaqud Ue

Sursn po[q Axoda ue ur surens [enprsal Jo UoneZLLBIORIRYY) ‘[ ‘SIS]Oq £ ‘HeIRID) ] ‘JIaqung] - ‘odjoD K
[7925501D] *166-686 "Z€ “900T fnuw 195 “1ddy v/ 14vd “soduiod

‘ursax Axoda PauTeISUOD © UT $3SSaI}S [EULIAY} PUE PAdNPUI-2INY) “T'S “UOWIIG ') “BUUNDIA N ‘AONeA[ZID]N £
[1255010] "9861-T€61 ‘I€ ‘0661 4atifijod

*sursar Axods pauTensu0d AJ[EUOISUSWIP-IAIY} UT SISSII}S [ENPISAT JO UOUNJOAT “[Y ‘Stre] Y'Y ‘skdafg 9
[12uss01D] *6£9-629 6 ‘00T “1s2L “whijod

‘sursar unyasouriayy 10§ sanbruyda) juswamseaw afeuLIys amd Jo uonen[eay ‘[J ‘PANYdS ' ‘Yeys s
[Jouss01D)] "6€7-€€F 6 ‘010T “IsaL, ‘uifijoq ~Anawoyerrp

JLPWN[OA YIM TowA[od 9ATIORAI B JO UOHRUTULIDRP ITENULIYS 'Y ‘SI19Nag “N'H H ‘991! ‘dPnadey
'6S8-TG8 ‘G€ ‘5661 19§ “Sug “uihijoq Sutnd Surng

SUISY 19)SA[0 ] pajernjesun) Jo sadueyD) dLAWN[OA JO sisA[euy [] 997 “A’S “Tepwnznj SN “[IH €
[55501D] "06-L€ ‘6 ‘2661 195 “ihijod “|ddy [ “sursy 13sdK104

pajemyesup adequrLiyg-mor] o3 uonedsriddy sjp pue rejewolei(] e jo JuswdopPad( f 99 N “aeePNUDY T
[jousso1D] “08¥ ‘€7 ‘9961

‘wngsup 19 [ suonemuuioy Axods Jo 9FeNULIYS 911D 9y} JO UOHEUTULIAIP Y} 10§ POUIRI VY ‘UBQYISL] T

SIDUIRJNY

“([1€] waysAs vuaprey-Axoda
ayy ur juasaxd spunodwod [[e Jo sa[ndIOW JO Junowe 230} 3y} £q PIPIAIP punoduwiod auo jo sandd[ow
JO Junowre ay3 St jow /[ow jrun ay3 jo Surueaw [edrsAyd Sy ey} pauonuLW 3] [[eYS T 2J0U B Sy

“9A0QE PASSNISIP SE SJUSWIAINSLAW YO YIIM PIUTULISP dN[eA 3y} Teau KIdA ST
YoTYM 94,19 3q p[noys jutod uone[ad ayj Je a1nd Jo 22189p [ed12I0dY) A} ‘SNY L oW/ [OW F60'0) = N
pue [ow/[ow9rg) = YW ‘ow/[oW FF0 = PW ‘[ow/[owerg0 = W [1€] St 0€:00T jo oner
QIMIXIUI AU} PUE SI[NI[OW A} JO SINIINAS [EINWAYD 3y} Jursn paje[no[ed aq ued syred rejow ay L,

=D =2) YCWA W)\ e,

V) T oW T ")

03 (V) uonenby sayridurs sry . “sourure yioq 10§
¥ stenba &/ pue sarxoda yjoq 10 g syenba 2/ ‘weysAs uaAIS auy uy APanoadsar ‘amosjowr-surure / Axoda
ys-2 oy jor syed rejowr oy} ur sdnoid [euonduny jo requnu oy} are */°py pue /%[ amym

e (R e G
(9v) R R )
_\J\,N . _\mKN -
(cv) R 4

:£q uaA18 axe sannyuenb asay [, -durwe ayy pue
Axoda ayj jo sanITeUOnOUNY dFeIAR-JYSIoM A1) dre B/*M[ pue sdue[RqUT JLIJPWOIYDIO)S dU) ST 4 TDYM

=)= 4 | e
T

V)

:[9%] £q udAIS ST POw 51200 UOTE[S YOTYM Je INd
30 92130 Ay ‘(¢ uondag ') syusuodwiod [e12AIS Urejuod durure pue Axods Yorym ur wajsAs e up

UOIJE[35) JO JUIO] Y} JE UOISIIAUOD) JYj Jo uoiende) ) xipuaddy

1240 61 TPLL ‘8 ‘810 195 “jddy



*(/0%/£q/sasuaor] /310 suounuodaAnea / /:dyy) asusdr] (Xg DD)

A8
UOHNQIY SUOUIWOD) A1) 3} JO SUOHIPUOD Uk SWLId) dY} Jopun pajngrysip apnie @ @

ssa00e uado ue ST a[dTIR ST, "PURISZIIMG ‘[aseq ‘[J(IN 29Suadr] ‘sioyine ayy £q 8107 ©

F00Z “VSN ‘AN “HOX MON :U0S 3 A3[IM Uyof P Wy “uopjuziiauhijod fo sajdioutid o “werpQ

[orssoxd] "6£1-vLL ‘7 200T

1d0 ‘1ddy aing v 3do [ -21qy reondo NRIO e jo sxojowered [eando uo amyeradway jo 30ay50 oy SuneSnsaaur
10§ 19pI0 dyewonp [enba jo sadury jo vonedyddy N TRWQO Y IpRY “A°S ‘FereZ-[q “IN ‘JeYPIA
(810 AeN

g uo passadoe) [uny[dS /sasusor]/S1onu:mmm / /:dyy :ouruo a[qereay "asusdIT dIqnJ [eIaUdD) ND
(810 KRN TT UO Passadde) ,a1eM)JOS-POLIIIA-OUISJIY ~SUTUUIY -} ), T0JAISIDILISPUR /U0

qnuyyi8 / /:sdjyy :BUIUO S[qe[TeAY T9PUN PUNO, aq UeD) S[OTIY SIL 10J BIe(] S} UrejqQ) O3 pas() dI1emijos
*(8T0Z A®IN Tz U0 Passedde) 98987¢ T OPOURZ/187S

"01/810'10p / /:5d13] :9UT[UO S[qRIRAY ST SIYL UT PAJUISAI Bje(] dU3 UTejqQ) 0} Pas() dI1eM}jog pue ejec]
[72¥55010] *92-1T 2/ “8T0T 421N PAVH "IN “1042y *[ “Ju] *S[elouwpIey [29)s sso[urels-DM W'Y ‘Soudg
SN ‘eIPLIRDg [ ‘OjuswieIdeg H ‘S91R0G )y ‘soiseq [ ‘Osopie) 'y ‘RUDOY IND ‘SepuruIsg
[2¥5501D] "667-75T “FL ‘8L6T ST 124 "ty "[eIIWIG UOII J5€d 9¢-§T YD pue [203s dsgo e

JO uorsuedxa [euwIaY} TeU] JO STUIIFA0D A} SUTUNLIDIA “['V “ONUDIPUOY “A’A ‘ONUAUOIIA “N'T ‘WS, ua]
[39¥8501D] "££9-GL9 "€ “TL6T “#va4L JWoH "I9S [VJIN

*s[aa)s paads-ySy jo uorsuedxa [euLdY} JO SISO [enre ] Y ‘eaofedny “INH ‘Aoudalg “yA ‘epue]
[3ovss01D] *0§2-1H2 ‘SET ‘8L0T 4ouihijog “uisax Axoda y [ouaydsiq pazijeuonouny-[A[isAxoxe mau ayy Sursn
aysodwod Axoda g1 mof-enm jo woneredar] 1D ‘YO “['S SHed “A'S SHIed “A'S el [A “wry “H ‘unyd
[59¥8501D] *09-F¥ ‘GG “910T “IsaL ‘thijod *SUOHIPUOd Arepunoq juswade[dsip

pue amjeraduasy drporrad uo paseq sayisodurod Teuonparpun Axods /1aqy uoqred pue ursar Axoda jo
sI0TARYRq UoIsuedxXa [eurIay) Jo Apnys a[edsosaw v g ‘ung g ‘no) LN ‘Suep “N ‘oe) [ “Sueyy ¥ “Suoq
*LSTI-THCT ‘91 ‘€T0T AiStaug puip| Sur[apour [edtawnu pue

synsaz reyuawutradxa :ajerd ayeurure] Axoda /sserd yoryy jo Sunmd Surmp surens paonpur-ssadord jo sHg
Sursn JuswaMSEIW NS UL "JA"D) “USSSIIRIA 'L, “UdsIOpuy “H'[ ‘PHeH “M’[ IPTUydS M A “USS[PIN.
[Jous5010] “6915-£91€ “6¢ 900T

$a]122]011040V] "uoTSURdXD [PUWLIAY} JO SIUILFI0D MOT ATaA Yyim sutsax Axodq ‘saysodwodoueu jo sanradord
[eqo8 a3 SunIore], “yY “adyseq Y ‘dureT CIA[ “UrdIsudzZIey] CJAD “eurs o] "D U 'S ‘uewre[ng
[39255010] 806-6£8 ‘61 ‘S00T “[0u12aL, "1 “saypy [

“I9¥[UE) [I0 Ue JO YUue} JSe[[eq I9Jem B JO 9DeJINS dyj Uo a1n[rej Suneod Jo uoneSnsaauy g Wy <o ‘9]
[2355010] *86-0 ‘8% ‘SL0T "Js2L “ifijod

‘sureaq drf[e3dajy paSewrep jo siredar yojed papuoq ApaIsaype ur sp[ay ureng "y “IoAsuLpiydy I H [ ‘oaein

9%

s

R4

R4

w

w

or

6€

8¢

'LE

9¢

g€

e

€e

124012 TPLL ‘8 ‘810 195 “jddy





