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ABSTRACT

Experimental and Theoretical Investigation of the Curing Process of

Thermosetting Composite Structures with Angle-Bend.

Malak Naji, Ph.D.
Concordia University, 1998

The effect of existing cure cycles and processes on the quality of thermoset
composite parts with angle-bend is presented. A 2-D finite difference scheme was
developed to model the processing of arbitrary shaped composite parts. The for-
mulation includes heat transfer, viscosity, extent of cure, and resin flow submodels.
Matrix material properties were allowed to vary with temperature. As a result, var-
ious cure parameters such as temperature, degree of cure, viscosity, compaction and
fiber volume fraction were examined.

A first set of experiments was done to investigate the effect of different cur-
ing cycles on temperature exotherms, thickness variation and fiber volume fraction
distribution. Results from both simulation and experiment agree well. They also
showed that parts produced using recommended curing cycles from manufacturers
were not of good quality in terms of uniform fiber volume fraction and thickness
over the cross—section of the part.

Based on these results, an optimal curing process was obtained. An opti-
mal curing process is defined as one which will produce uniform thickness and

fiber volume fraction throughout the composite part including straight sections and
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curved sections. This process was applied to curved laminates consisting of 50 lay-
ers graphite/epoxy Hercules AS4/3501-6. Results obtained from simulation and

experiment were compared. Good parts were obtained.
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Chapter 1

Introduction

1.1 Overview

Due to their high specific strength and stiffness, fiber reinforced plastic materials are
firmly established in products ranging from aerospace structures to sporting equip-
ment. Examples of the former include primary and secondary aircraft structures,
while the latter includes products such as swimming pools, bicycles, windsurfers and
ski-boat hulls. A large percentage of high performance composite parts and struc-
tures are constructed from thermosetting resins and continuous fibers and processed
through autoclave curing.

Processing converts the ingredients of a product into its designed shape. In
the case of composites, processing may alter fiber organization and morphology
of the material. The service performance of a composite structure calls for three
interactions: material, design and processing. The ultimate service performance

of a composite structure will reflect the extent to which the inherent properties of
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the product form and design are translated by the conversion processes into an end
product.

The ultimate objectives of processing science are threefold: to be able to pre-
dict how a material will behave in a known manufacturing operation; to learn how to
tailor a material product form so that it can be processed easily; and to devise novel
conversion processes to achieve desired end products. The two approaches to these
goals are analytical and experimental. The analytical approach to processing must
separately address three areas of materials science: chemical change, thermophysical
properties, and deformation characterization [1].

The method of processing has a large impact on the properties and quality
of composites. There is no one single manufacturing technique that is perfect for
every composite part, but improvements are always being made to the manufactur-
ing processes. The evolution of the manufacturing methods for composites tends to
favor techniques to produce materials that minimize their defects. It is desirable
to establish at an early stage if, and how, chemical changes may occur during pro-
cessing. Heat exchange, and the thermodynamic properties associated with such
temperature changes, play an important role in defining process economics. Uneven
temperature profiles resulting from process dynamics can be a cause of non-uniform
deformation or failure to conform to shape in the desired manner [1]. They can also
cause internal stress in the composite.

Processing concerns associated with thermosetting composites become increas-

ingly important for components of appreciable thickness. In the aerospace industry,
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a thick laminate may approach 13 mm (1/2 inch) or more, while for construction
and military applications thick laminates can exceed 0.15 m (1/2 ft) in thickness [2].
Perhaps the most familiar concern is an increase in internal temperature resulting
from the irreversible exothermic chemical reaction of the matrix phase. Also, the
gradients in temperature and degree of cure induce non-uniform curing within the
part.

Hence, it is desired to gain a fundamental understanding of the curing process
unique to thick angle-bend thermosetting composites parts. This is because gradi-
ents in temperature and degree of cure are strongly dependent on part geometry,
thermal anisotropy, the chemical cure kinetics and the thermal boundary conditions

(curing cycle and tooling).

1.2 Thick Composite Processing

Since their introduction as structural materials, composites have primarily been
used for thin, laminated plates or shells. This is characteristic of their use in the
aerospace industry, where extreme value is placed on weight savings.

The next evolutionary step for composites is to applications that require thick
sections. Thick composites could be used for lightweight submarines or ship hulls.
Also, an increased emphasis on civilian infrastructure has given new life to the use
of composites for bridge decking, pylons, I-beams, etc.. Many of the applications

require material thickness that far exceed the capabilities of existing manufacturing
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processes. Compared to the strong attention that has been directed at modeling
and simulating various aspects of the curing of thin composite parts, there has been
somewhat less attention paid to comprehensive models targeting thick parts and to
the inherent difficulties of manufacturing a thick-section polymer composite [2, 3].
Improved technologies are needed to support the growing interest in thick composite
applications.

There are several inherent difficulties in the manufacture of thick thermosetting
polymer composites. Their low thermal conductivity across the thickness presents a
large thermal barrier during heat-up and cool down. During a typical cure cycle the
interior temperature of a thick section may lag far behind the surface temperature,
causing the surface regions to cure more quickly. If they cure too quickly and gel
before the interior is consolidated, the excess resin in the interior is trapped. This
leads to non-uniform fiber volume distribution and excessive void growth In the
resin-rich interior. In order to efficiently manufacture quality parts, on-line control
and process optimization are necessary, which in turn require a realistic model of
the entire process.

Perhaps the most detrimental behavior observed during thick composite pro-
cessing is thermal spiking. As the interior heats up, the exothermic curing reaction
is initiated and releases energy. This heat is essentially trapped in the interior due to
poor thermal conductivity. The entrapped heat raises the temperature of the interior
even further, promoting faster curing and more rapid energy release. The process

can quickly become unstable, producing a thermal spike. Peak temperatures during
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a thermal spike are quite high and can easily lead to matrix degradation [2, 3, 4, 5, 6].
Very slow heat up rates and several intermediate dwells are sometimes used to con-
trol thermal spiking. Such cure methods lengthen the processing time and increase

the manufacturing cost.

1.3 Processing Composite Parts With Angle-Bend

The problem of curing thick thermoset composites is complicated and considerable
work has been done to address this problem [2, 3, 5, 6, 7, 8]. Further complications
arise when a bend is introduced to the section. Curved section composite structures
appear in many applications such as flanges in pipes or pressure vessels, L -shaped

hangers, U-shaped sections, T sections, etc. Issues to be addressed are:

e The curve included in these structures enhances fibers displacement where
transverse resin flows occur. Transverse flow results in changes in bend thick-
ness and hence in fiber volume fraction (resin-rich areas). The photo in Fig-
ure 1.1 shows a cross-section made in a curved laminate with a resin-rich
area, and Figure 1.2 shows the variation in thickness between the bend and

the straight edges.

e Non-uniform curing process (which is unique to thick sections) leads to gra-
dients in degree of cure in both thickness and length directions due to the
geometry of the part. This influences the quality and in-service performance

of the finished part by inducing warpage and residual stress during the curing
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Figure 1.1: Resin-rich areas in a part processed using a conventional curing process
(150X).
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Figure 1.2: Thickness variation between the bend and the straight edges present in
curved laminates.

process.

e Dimensional changes (which result from the anisotropic properties of the com-
posite part) lead to a2 phenomenon called 'Spring In’ which is a problem present
in sharply curved (90°) thick laminates. A sketch showing this phenomenon

is shown in Figure 1.3.

Since those mentioned problems affect the integrity of the structure and hence
lead to a low quality part, and there has been very limited work in this area, the

processing of thick angle-bend structures will be studied.
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Figure 1.3: Thermal distortion induced in an angle-bend composite part.

1.4 The Autoclave Cure Process

The processing of composite laminates having a thermosetting resin matrix is a com-
plex process. It involves simultaneous heat, mass, and momentum transfer along
with chemical reaction in a multi phase system with time-dependent material prop-
erties and boundary conditions. This is normally accomplished through press cure,
autoclave cure, or oven cure. In the case of a press or autoclave cure, temperature
and pressure are supplied by the equipment. In an oven cure, heat is supplied by
the oven, but pressure must come from another source, typically, a vacuum bag,
mandrel expansion, shrink film, expandable rubber, or mechanical clamps.

For epoxies, cure refers to the chemical reaction of an epoxide group in the
resin component of the matrix with either an amine or anhydride hardener. The
reaction is exothermic in nature, and results in increased molecular weight of the

matrix, which is a function of the extent of the curing reaction. The measured
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viscosity is related to the size of the molecules present. As the resin and hardener
molecules react, larger molecules are formed, resulting in a significant increase in
viscosity at moderate temperatures.

An often used production procedure for fabricating a high performance struc-
tural laminate is the Autoclave/Vacuum Degassing laminating process. An auto-
clave is a pressure vessel that operates under controlled temperature and pressure.
The vessel, shaped like a cylindrical shell, usually has two door assemblies, util-
ity and instrumentation penetrations, and vessel support. Vessel internals include
insulation, sheet metal shroud, ductwork, and electrical heater assembly. Others
may also include blower drive assembly and cooling coils. The autoclave is an ideal
method for composites that require continuous reinforcement and complex contours.

The curing process has a very large impact on the properties of a composite
part. Improvements on composite cure cycle can enhance fabrication time, oper-
ational cost and quality of the end product. Autoclaves are designed to produce
high quality, reliable parts. In the autoclave process, precut pieces of collimated
fibers impregnated with uncured thermosetting resin (prepregs) are laid up on a
smooth tool surface in a certain order, orientation and ply count to produce the
desired properties in the part. For thick parts, it is often necessary to interrupt the
lay—up process at intervals for bulk reduction and consolidation [9]. This consists of
placing the partial lay—up in a vacuum bag and heating it to reduce thickness. The
vacuum bag is then removed and the lay—-up procedure continues. Once the lay-up

is complete, resin dams may be placed around it to help control resin flow. Bleeder
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material may also be added to absorb extra resin and to help provide a clear path
for the volatiles to escape through the vacuum system [9]. The entire composite
lay~up assembly is then enclosed in a vacuum bag and sealed. A schematic of the

lay—up is shown in Figure 1.4

Vacuum bag
Breather ™,
\\ \
Bleeder— -\
NN To the vacuum line _
Perforated release film— . \ \ \
N NN\ v \
Composite part ™\ \\ N\ ‘acuum valve ..\ \
b \

Non perforated peel ply,\\\ ) D SRR -

D L S \
Vacuum seal = AT %’%&Q 7] ' \
. — i

Figure 1.4: Typical autoclave lay-up

After composite part has been shaped from a mixture of uncured resin and
fibers and bagged, the curing process is accomplished by moving the entire tool into
an autoclave. Heat and pressure is then applied to the laminate according to a
given cure cycle. Usually, vacuum is initially applied to the bag while the autoclave
temperature and pressure are raised.

Heat lowers the viscosity of the resin but also activates the irreversible chem-
ical cross-linking reactions, which again tend to increase the resin viscosity. These
two opposing phenomena mean that a limited time exists during which flow and

consolidation can take place. By application of the curing pressure, the excess resin
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and air trapped between the plies is squeezed out. Resin flow can occur, initially,
both vertically (thickness direction) and horizontally. Furthermore the network of
fibers can eventually act as a network of springs to which the vacuum bag and
bleeder assembly transfer the load from the autoclave pressure [10]. This load can
be transferred through the fiber network to the tool surface with only a slight fric-
tional loss. As the fiber spring network is loaded and compressed more resin flow
occurs; however, at this point the resin viscosity is increasing and the permeability
is decreasing making resin flow more difficult . Through this consolidation process
the fiber volume fraction is increased and made more uniform, leading to improved
mechanical properties.

During the cure cycle, the process must meet the following requirements to

produce a structurally acceptable part:

e Void elimination: Many prepregs contain a considerable amount of air and
moisture that might be a result of manufacturing, storing or stacking. Thus,
the curing process must prevent unacceptable porosity levels from these sources

by compressing the entrapped air and preventing boiling of water.

e Solvent removal: The solvent will create voids and affect final performance
of the part if it remains in the composite. Fortunately, the solvents used for

epoxy resins have a low boiling point and evaporate during lay-up.

¢ Fiber wet-out: A low resin viscosity during cure aids fiber wet-out and reduces

the porosity in a cured part.
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e Consolidation: The combination of low resin viscosity and pressure decreases

the thickness of prepreg materials.

e Resin removal: By taking advantage of the viscosity change during the cure

cycle, the excess resin can be removed.

These five items emphasize the criticality of understanding the rheological
properties of the resin. These properties can now be studied in the laboratory and
then applied to the specific curing process selected for composite manufacture. This
technology has only been available since 1978, and many older curing processes are
being revised.

The quality of the laminate product is measured in terms of void content,
resin content, fiber distribution, extent of cure, and the uniform laminate thickness.
These product qualities are difficult to control because of the strong interactions
between the effects of autoclave temperature, autoclave pressure, heat of reaction,
and the geometry of the part being manufactured. Cure cycle optimization must be
done to enhance product qualities [11, 12].

There is an infinite number of combinations of pressure, temperaturé and time
(cure cycles) that can be used to try to achieve this goal. Because of the complexity
of the curing process, the composites industry relies to a great extent on cure cycles
supplied by material manufacturers. However because the supplier does not have
available information on the specific tooling arrangements which will be used, or of

the geometry of the parts to be produced, these cycles are in most cases unnecessarily
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conservative and costly. It has also been observed in the literature [4, 13] that some
commercial cure cycles can result in incomplete ply compacting leading to significant
strength and stiffness variations in the laminate.

Industrial practice is to generate a cure cycle through trial and error combined
with past experience. Figure 1.5 shows one such standard cure cycle employed for
carbon/epoxy composites. There are many key decision variables in the cure cycle
including time at which to elevate the temperature and pressure, to what extent
they should be raised, and how long the part should be exposed to the conditions.
Also, other variables, such as, the ramp rate of temperature and the first and second
hold temperatures and times can also influence the product quality. Variations in
the properties of the raw materials and the geometry of the part being manufactured

will require modifications to the standard cure cycle.
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Figure 1.5: Schematic of a standard 2-step cure cycle.
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The importance of controlling the cure cycle cannot be underestimated. The
process variables must be controlled so that the volatiles are suppressed during pro-
cessing to provide a void free matrix. If the heating rate is too low, the minimum
value of the resin viscosity is increased. This results in obstructed resin flow. Ther-
mal overshoot and uneven heating produce a part that contains thermal stresses,
resin rich regions, and void zones. The pressure value and its application point are
also important to the product quality. When the pressure is applied at minimum
viscosity, it must be above a certain value in order to prevent delaminations. How-
ever, when the pressure is applied at a higher viscosity, the result is a higher void
content. The pressure in the resin must also be taken into consideration. If it drops
to zero too rapidly, void growth during consolidation is favored [4, 12].

The best way to determine an appropriate cure cycle for a desired applica-
tion is through the use of models. Models are used to simulate the cure process
which can then be used to define the cure parameters. Some of the latest research
involves modeling the entire consolidation process in order to find the optimal cure
cycle. The analysis of the consolidation model results in predicted values of pressure,
resin velocity, and laminate thickness throughout the consolidation process. This
information can then be used to design the optimal cure cycle.

Computer simulation provides a powerful tool with which cost effective cure
cycles producing high quality laminates can be designed. This is mainly because
a number of different processing techniques, operating conditions and tooling ar-

rangements can be investigated quickly and inexpensively with the aid of a personal
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computer. Currently, research is heading toward the automatic computer control of
curing processes through the use of dielectric sensors. Dielectric analysis measures
the capacitance and conductance of a material, which can be correlated to molecular
activity. Such correlation allows the scientist to probe the chemistry, rheology, and
molecular mobility of the polymeric materials.

The future of autoclave processing relies on the ability to have precise con-
trol over the curing process. The quality of autoclave cured composite parts will
greatly improve when the curing process can be precisely tailored for each specific

application.

1.5 Dielectrometry

1.5.1 Dielectric Monitoring

Recently, efforts have been made to insitu monitor the curing process of thermoset
composite materials. Cure characterization based on dielectric spectrometry was
investigated as a non-destructive technique in References [14, 15, 16, 17, 18, 19, 20].
Correlating dielectric response and material rheological properties was the subject
of References [21, 22, 23, 24]. Also, relaxation behavior of thermoset resins was
studied in References [25] and [26].

Several sensors have been developed to withstand the severe environments
found in production presses and autoclaves. Out of these sensors, dielectric sensing

is considered to be the most promising technique for monitoring and controlling
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composite curing processes [27]. The dielectric technique consists of three major

steps [28]:
1. Measurement of a signal related to some dielectric property of the material.
2. Conversion of the measured signal to the actual value of the dielectric property.

3. Conversion of the experimentally determined dielectric property to the viscos-

ity and degree of cure of the material.

The first two steps are well in hand and can be obtained directly from the di-
electric instrument itself. Regarding the third step, many correlations were made to

convert some dielectric properties to the viscosity and degree of cure of the material.

1.5.2 Dielectric Theory

Dielectric measures two fundamental electrical characteristics of a material: Capac-
itance and Conductance, as a function of time, temperature and frequency. The ca-
pacitive nature of a material is its ability to store electric charge, and the conductive
nature is its ability to transfer electric charge. While these electrical properties are
important in themselves, they have been more significant when they are correlated
to molecular activity. Such correlation allows the scientist to probe the chemistry,
rheology (flow) and molecular mobility (relaxation) of the polymeric materials.
Some uses of dielectric analysis include: Resin flow and cure, Time required
to reach full cure, Relative degree of cure, Off-line material processing information,

Storage stability information, Change in properties due to exposure to environment
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(oxidation, thermal breakdown), and many more. In dielectric analysis, a sinusoidal
voltage is applied to a sample placed between two gold electrodes to create an
alternating electric field. This produces polarization in the sample, which oscillates
at the same frequency as the electric field but has a phase angle shift. This phase
angle shift is measured by comparing the applied voltage to the measured current
which is separated into capacitive and conductive components.

The current can be measured by a low-impedance current meter or by using
the current to charge a load capacitor and then measuring the voltage across the
capacitor. Measurements of capacitance and conductance are used to calculate the

following variables, which provide valuable information about molecular motion:
e’ = permittivity, which is proportional to capacitance;
e” = loss factor, which is proportional to conductance;

tand = dissipation factor, which equals e”/e’;

o = ionic conductivity, which is derived from measurement of e” .

These are the characteristic parameters that describe the polarization of a
dielectric material by dipole orientation in an applied electric field. A dipole is a
chemical bond that has an unbalanced distribution of charge in a molecule. One
part is partially negative and the other partially positive. Permanent dipoles exist

in the absence of an applied electrical field, and are caused by the differences in

1y = 2mwfe”eq where f is the frequency and eg is the absolute permittivity of free space (8.85 x
10712F/m).
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electronegativity of the bonded atoms (e.g., carbonyl bond C=0, C-N). Induced
dipoles are those created by the applied electrical field, which causes redistribution of
electrons shared between bonded atoms with similar electronegativity. Permittivity
e’ and loss factor e€” both provide valuable information about molecular motion. €’
measures the alignment of dipoles, while e” represents the energy required to align

dipoles and move ions.

1.6 Literature Survey

Numerous studies have been directed at the modeling and simulation of various
aspects of the consolidation and cure of thin composite parts. Studies of the cur-
ing process have focused on the thermal and chemical interactions, degree of cure
profiles, viscosity behavior, void formation and growth, and resin flow phenomena
occurring in the composite under the application of a specified temperature and

pressure cure cycle history.

1.6.1 Thick Composites

Modeling and Simulation

Loos and Springer [4] developed a comprehensive one-dimensional simulation model
to describe the curing process of flat plate unidirectional graphite/epoxy composite
laminates. The model integrated submodels which describe the fundamental mech-

anisms associated with the curing process, such as, the thermochemical interactions,
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resin flow, and void formation. Governing equations describing the curing process
were solved with an implicit finite difference method. Temperature, degree of cure,
resin flow and void size, among other processing variables were predicted as a func-
tion of the autoclave pressure and temperature cure cycle history. Experimental
verification of the model was performed and results were in good agreement with
simulated predictions.

Kays [7] conducted a comprehensive investigation on the processing issues
unique to large area thick section laminates. The baseline material system was uni-
directional graphite/epoxy. Cure simulation models were developed and used in the
investigation. Various autoclave procedures, cure monitoring and non-destructive
evaluation techniques for thick section laminates were developed and evaluated.
Contributions towards the development of a generic methodology for processing
thick section laminates were made. Interesting observations reported in the study
were the development of microcracks and delamination under certain processing
conditions, indicating the importance of processing on the cure and performance of
thick section composites.

Twardowski et al. [2] developed a simulation that recovers much of the ther-
mal behavior of a 5 cm thick, unidirectional graphite/epoxy charge, cured in a
one-dimensional manner. An experiment was designed which is capable of testing
simulation results. The following results were found: initial extent of reaction is

relatively unimportant; consolidation is important; the peak temperature originates
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near the surface of the laminate and propagates to the center; asymmetric tem-
perature application changes the viscosity and cure profiles; viscosity never reaches
low values simultaneously through the thickness in laminates in excess of 10 cm
thickness.

Bogetti and Gillespie [5] conducted a fundamental study of process-induced
residual stress in the thick-section thermosetting composites. A one-dimensional
cure simulation model was employed. Residual stresses were shown to be strongly
influenced by gradients in temperature and degree of cure. In another investiga-
tion [3], they proposed a two-dimensional cure simulation for thick thermosetting
composites.

Hojjati [6] developed a one-dimensional through-the-thickness and a two-dimensional
simulations for thick thermosetting structures. Heat conduction, kinetic, viscosity,
and flow equations were solved as a coupled system of equations. Experimental
results for temperature history and compaction were compared with simulation re-
sults and good agreement was obtained. He found that pre-bleeding technique is
the most promising method for fabrication of thick composites.

Tredoux and Westhuizen [29] developed a 2-D finite element numerical code
that simulates combined heat transfer, resin flow, and compaction during composites
processing. The autoclave cure of a flat unidirectional 256-ply carbon/epoxy lami-
nate was modeled. Results showed the variation in temperature, degree of cure, and

fiber volume fraction along the horizontal and vertical midplanes of the laminate.
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Cure Process Development

Researchers have worked on the development and optimization of curing cycles as-
sociated with autoclave processing of thick laminates. Hjellming and Walker [§]
considered cylinders with 0.15 m and 0.30 m thick made of graphite fibers and ther-
moset resin. They showed that it is possible to achieve: (1) a consolidation period
with a viscosity which is everywhere relatively low for a reasonable period of time,
and (2) a complete cure with the temperature never exceeding 180° C. The different
results obtained illustrated that there is no simple scaling law for thickness.

Joseph et al. [30] used a feedback control strategy for autoclave curing of
carbon/epoxy composites. They demonstrated that neural network can be used to
control the laminate thickness and maximum void size by applying a higher pressure
earlier during the process and by significantly lowering the cure temperatures used.

Chang et al. [31] applied genetic algorithm to design a cure cycle for the consol-
idation of thick laminated composites. They obtained an optimized cure cycle that
results in a shorter cycle time for the process while avoiding the thermal runaway
inside the composites.

Shim et al. [32] studied void generation in composite structures caused by
different lay~up techniques, such us varying the vacuum pressure. They showed
that lower void content was produced when full vacuum with a moderate autoclave
pressure (170 KPa) were applied.

Kim and Lee [33] developed an autoclave cure cycle to reduce the temperature
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overshoot in thick composite laminates. They simulated the curing process and used
the results to modify the cure cycle through steps of cooling and reheating. The
developed cure cycle was tested on 15 and 30 mm thick laminates and was found to

be effective in reducing temperature overshoot.

1.6.2 Thick Composite Structures with Angle—Bend

In their work, Bogetti and Gillespie [3] dealt with a thermoset angle-bend structural
composites. Only temperature and degree of cure distributions within the cross-
section were predicted as a function of the autoclave temperature history. They
provided insight into the non-uniform curing process unique to thick-sections. The
spatial gradients in degree of cure directly influence the quality and in-service per-
formance of the finished component by inducing warpage and residual stress during
the curing process.

Furthermore, Gilmore and Guceri [34] developed a numerical approach to an-
alyze the processing of thermoplastic-matrix composites of complex geometry’s in-
cluding angle-bend structures. In both studies [3] and [34], the boundary-fitted
coordinate system transformation technique was combined with a finite difference
method to determine the temperature distribution within the part.

Johnston et al. [35] developed a 2-D finite element process model for laminated
composite structures. Their model allowed for the analysis of heat transfer, cure ki-
netics, resin flow, and residual stresses and deformations in complex geometries.

They studied a symmetric 24 ply quasi-isotropic [0/ + 45/ — 45/90]5; composite
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angle part processed on a solid, square aluminum tool. The composite material
properties used were typical of a second generation carbon—fiber toughened—epoxy
resin material. Their results showed that process tooling affected the overall process
cycle time and, more important, the part thermal behavior where non-symmetric
temperature and degree of cure gradients were obtained through the part thickness.
Also, resin flow was shown to be uneven resulting in non—uniform resin distribution
throughout the part and uneven part thickness. Figure 1.6 shows their simulation
output of the curved part at the end of processing, which shows the fiber volume
fraction to be nonuniform. In their work, springback angle was predicted and found
to be influenced by two factors: choice of tool material, and surface friction condi-

tion.

1.6.3 Dielectric Measurements

Kenny et al. [36] developed and tested a chemorheological model for a commercial
carbon fiber/epoxy prepreg. Predictions of the viscosity changes during prepreg
cure qualitatively agreed with dielectric measurements of the inverse of the ionic
conductivity in the epoxy matrix. In particular, predicted and measured times at
which minimum viscosity occurred showed excellent agreement, even for complicated
cure cycles.

Ciriscioli et al. [37] performed tests measuring the temperature, ionic conduc-
tivity, and compaction in 16 to 200 ply thick graphite/epoxy laminates. They used

the dielectric measurements to gather some information regarding the validity of the



CHAPTER 1. INTRODUCTION 24

i-, T S Final Fibre VE
86/2 e e -

0611

0602

Figure 1.6: Fiber volume fraction distribution at the end of processing obtained
from simulation results [35].

Loos-Springer CURE model [4]. A modified ionic conductivity (that exhibits simi-
lar trends as the viscosity) was calculated and plotted versus time. The plots show
that the calculated viscosity reaches a minimum at the same time as the measured
modified ionic conductivity, and the calculated rate of degree of cure becomes zero
at about the same time as the measured rate of modified ionic conductivity.

Day [27] monitored the dielectric properties of AS4/3501-6 graphite epoxy
during several different curing cycles. He found that the measured dielectric viscosity
(inverse of ionic conductivity) was correlated well with predicted viscosity. Also, he
calculated the dielectric cure index using the data obtained from the temperature

dependence of the ionic conductivity for un—cured and cured material. The results
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were compared to the degree of cure from model predictions and found to exhibit
similar shapes.

Kim and Lee [38] calculated the degree of cure from a modified dissipation
factor D*, that has the value between 0 and 1. D~ predicted well the degree of
cure of the carbon fiber epoxy materials under various temperature profiles. Also,
comparing the derivative of the dissipation factor with respect to time dD/dt and the
isothermal degree of cure, they found that the cure started at the point of maximum
dD/dt and the cure ended at the point of zero dD/dt.

Maffezzoli and et al. [39] presented a method for the complete thermal, rhe-
ological and dielectric characterization of an epoxy matrix. The ionic resistivity
and degree of reaction data were correlated during the cure of the epoxy matrix
and good agreement between the model predictions and the experimental data was
observed under isothermal and non-isothermal conditions. Moreover, degree of re-
action data calculated from dielectric measurements was used in a chemorheological
model for viscosity calculation, to obtain very good correlation between measured

and predicted values.

1.7 Need for Research

Many laminated composite structures, such as a flange, an angle bracket, a co-cured
web, or a frame have a loaded curved portion. The final failure in such structures

may be a complex progression of ply cracking, delamination, and fiber failure. More
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recently, efforts at measuring interlaminar tensile strength have been focused on the
curved-beam test methods (C-shaped and L-shaped), because of the difficulties in
introducing loading onto the flatwise specimens.

Because curved thick laminates (especially with small curvature) are very dif-
ficult to manufacture with consistent quality [40], semicircular specimens are of poor
quality with a high void content and thickness variations. Furthermore, interlami-
nar strength is degraded by manufacturing and processing defects such as porosities,
resin pockets, and resin-rich interlayers. As composite components increase in com-
plexity, there is a higher possibility of porosity existing in the structure. It is well
known [41, 42] that porosities in composites, either artificially induced or processing
caused, can result in significant reduction in structural strength and life. A number
of papers have been published on the experimental determination of the interlaminar

tensile strength following the L-beam test method:

e Martin [43] investigated the delamination failure in a 24-ply AS4/3501-6 uni-
directional curved laminate. The laminates ”"were cured according to the ma-
terial manufacturer’s instructions”. Nothing was mentioned about the quality

of the laminates except that vy in the curved region was less than that in the

leg (2.6%).

e Jackson and Martin [44] conducted experiments to determine the interlami-
nar tensile strength for different AS4/3501-6 unidirectional curved laminates.

They mentioned that they used a "thermal blanket on the 48-ply specimens
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to ensure uniform heating” and that debulking was done every four plies. The
quality of the laminates was highest in the inner half of the thickness where

vy "was observed to vary through the thickness.

e Martin and Jackson [45] worked on damage prediction in cross—plied curved
laminates. Nothing was mentioned about the quality of the laminates except

that "the specimens had an average vy in the curved region of 54.7%.

e Jackson and Ifju [46] examined different laminates to determine their through
the thickness tensile strength. Unidirectional tape laminates were made with
24— and 48-ply AS4/3501-6. "One side of the specimen was against a male
tool and the other side was bagged”. They noticed that ”"in several panels, the

curved region was slightly thicker than the loading arms”.

e Researchers in references [47, 48] fabricated 16—, 24— and 32-ply AS4/3501-
6 unidirectional curved laminates for interlaminar tension tests. They found
that the poor quality of the 32-ply laminates compared to the other lami-
nates contributed to the nonlinear response in load—displacement curve. "Ply
crimps and waviness were almost unavoidable after molding about 25 plies for
the 32-ply laminate and, hence, contributed to the development of resin-rich

pockets”.

Curing thick laminates by the conventional cure cycle leads to temperature
overshoot at the center of the laminate during the exothermic reaction. This over-

shoot can lead to matrix degradation and thermal residual stress. Furthermore, as
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was mentioned before, the variation in thickness and fiber volume fraction through
a curved laminate leads to poor quality specimens. Hence, a cure process which can
reduce temperature overshoot and produce a curved laminate with minimum thick-
ness and fiber volume fraction variation is necessary for processing thick angle-bend

laminates.

1.8 Thesis Outline

In Chapter 2, the two—dimensional models that govern the curing process are con-
structed along with boundary conditions. These models account for thermochemical
interactions from which temperature, degree of cure and viscosity are predicted, as
well as resin flow which includes pressure, fiber volume fraction and compaction
predictions. Numerical solution of the governing equations is the subject of chapter
3 in which the material system and models are defined. To verify the simulation
model results, experiments were made and results are presented and compared in
Chapter 4. Based on these results, modifications were made on the curing process
(including the cure cycle) and a modified cure process was presented and tested
in chapter 5. Chapter 6 summarizes the significance, findings and contributions of
the present work, and recommends several areas for future study and development.
Much of the mathematical development along with instrumental and experimental

data has been put into appendices so as not to distract the reader.
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Process Modeling

2.1 Background

Modeling usually consists of representing the process under consideration by math-
ematical equations and then solving them numerically on a computer in order to
predict behavior. Although models have limitations, they can be used for quick,
cost-effective investigation of a variety of similar situations and can optimize a given
process. Models should be used not only in the development of a process but also
as part of the process control package on the manufacturing level.

The history of process modeling is relatively short. Most previous applications
of mathematical modeling have been in the fields of heat transfer, fluid flow, and
mechanics. Examples include predicting heat flow through complex shapes or so-
phisticated re-entry thermal protection materials, investigating boundary layer and
aerodynamic flow systems, and estimating the stresses in materials under load. The

actual computer programs have often been quite large and sophisticated, requiring

29
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trained specialists and mainframe computers. These factors have tended to discour-
age most manufacturing engineers from even exploring the modeling approach. This
will rapidly change as some of the models become easier to use and run on micro-
computers.

Once a process model has been constructed and verified, it can be used to
explore the effects of systematically varying the process variables without resorting
to a large number of laboratory experiments. Critical variables can be identified, and
the results used to optimize the process. This leads to an improved understanding
of the process itself. The model can be used by the materials development engineer
to investigate process variables for different product geometries and to consider
the changes in processing caused by altering material properties. Different process
paths can then be proposed, analyzed, and compared by running the process model.
The ability to predict the outcome of a given process path allows the engineer to
determine the optimal process path and identify the critical variables that must be
monitored during processing to properly control the process.

It is important to realize that because of their simplified assumptions, models
do not yield exact solutions to problems; by their very nature, modeling solutions are
approximate. Therefore, models must be verified by comparison with experimental
data. Examples of simplifications include geometry, such as representing a two-
dimensional problem with one-dimensional equations; composition, such as treating
the material as homogeneous rather than heterogeneous; properties, such as using

constant properties instead of temperature dependent properties; and numerical,
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such as utilizing a small number of grid points, hence losing information. Some
simplifications are made because there is no alternative, such as when specialized
property data are not available. Therefore, all models have limited application. It is
imperative to recognize these limits in order to draw reasonable conclusions from the
predictions. Although comprehensive models can be developed, they are invariably

impractical due to the large amount of input data and computer requirements.

2.2 The General Model

The overall problem can be divided into several parts. One such division has been
proposed by Loos and Springer [4], suggesting four submodels. Others ([2, 3, 3])
suggested two divisions, with even these being closely related. The first division
includes the thermochemical properties such as the extent of cure, temperature and
viscosity, as well as flow, including resin flow, fiber volume fraction and consolida-
tion, and fiber orientation. The second division would include the calculation of
residual stresses, and the requirements for void suppression and removal. The ther-
mochemical solutions and resin flow are arguably key in understanding and utilizing
any simulation, but the residual stress and void calculations would be desirable in
an optimized simulation.

The matrix properties required would include thermodynamic properties such
as density, specific heat, heat of fusion, and heat of reaction; transport proper-

ties, such as viscosity and thermal conductivity; and mechanical properties, such
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as thermal expansion, strength, and elasticity. All of these properties would be
dependent upon chemical state, physical state, and temperature. The fiber prop-
erties required would include thermodynamic, transport and mechanical properties
that are dependent upon temperature and direction (axial and radial). The chemical
state would include history- dependent and temperature-dependent reaction kinetics
(Arrhenius coefficients). The physical state would include temperature- dependent
phase changes.

The solution to the system of equations would yield predicted temperature,
pressure, and stress as a function of time and position within the material being
processed. This system of equations is not only complicated but impossible to solve
analytically. The combination of simplified assumptions (geometry, properties, and
magnitude of terms) and the numerical methods used in the solution procedure

cause the model to be approximate.

2.3 Submodels

The submodels that are needed to obtain the governing equations describing the
fundamental mechanism in curing are not independent from each other, but are in
fact coupled through various laws and conservation equations. Nevertheless, sub-
models are frequently used to decouple the balance equations in order to investigate
a particular aspect of interest or to simplify the manipulations required to solve the

equations. It is also convenient to decouple them for discussion purposes.
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In the following sections, the five submodels that will be used are described

for a general 2-D problem shown in Figure 2.1.

Composite Part —_

X

Figure 2.1: The general system of coordinates. z — z is the laminate system of
coordinates (global) and 1 — 3 is the ply system of coordinates (principal direction).

2.3.1 Heat Balance Model

The heat balance is described by the conservation of energy equation and is expressed
as changes in temperature as a function of position and time. Source terms are
required to represent chemical kinetics, such as the exothermic reaction releasing
heat within the material. The kinetics, in turn, need to be described by a differential
equation since the degree of cure must be calculated. The density and the specific
heat of the material are also required data. A variety of different heat sources can be

used with the heat submodel through boundary conditions; these include conduction
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(heated molds) or convection (autoclave). Radiation or induction heat sources could
be accommodated as well, although they would complicate the boundary condition
formulation.

Several workers have described heat transfer modeling of composite process-
ing [49, 4, 7, 5, 8, 2, 6]. In this submodel, the temperature solutions are based on
Fourier’s heat conduction equation for transient anisotropic heat transfer with con-
stant material properties and an internal heat generation source term. This equation
may be expressed as:

2 2 2

kzr%+2kxz%+kzz%§+é=p%%§ (2.1)
where ¢ is the time and the ¢ term represents the internal heat generation. p, ¢, and T
are the density, specific heat and temperature of the composite, respectively. k., k.
and k.. are the coefficients of effective anisotropic thermal conductivities. The
coordinate directions in equation 2.1 are defined in a fixed global (z — z) coordinate
system. Since thermal properties are defined in a principle coordinate system with
coordinate axes parallel and perpendicular to the fiber direction then, based on the
transformation from the on—axis to the off-axis properties, the coefficients of k., k--

and k.. are given by:
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where m = cos(0) and n = sin(6). ki1, kas and k;3 are the longitudinal, transverse
and cross—term thermal conductivities of the composite in its principle (1-3) ma-
terial coordinate system, respectively. The rotation angle € is defined as the local
orientation between the fiber or tangent to the fiber direction and the global (z — z)

coordinate system.

2.3.2 Flow Model

Flow models start with the conservation of momentum equation [10, 50, 51, 52],
with pressure, density, viscosity, and local velocity being the primary variables.
Since properties such as viscosity are dependent upon temperature, then the energy
balance must also be solved in order to investigate pressure—velocity interactions.
Fiber orientation may be included in a sophisticated model but neglected in a simpler
model. Alternate schemes may be used to simplify or emphasize special aspects
of interest. For example, Darcy’s law is sometimes used to investigate resin flow
through a porous media. The resin may be considered to be Newtonian or even
viscoelastic in nature. Based on geometric considerations, the number of dimensions
in the problems may be reduced.

When pressure is applied to a composite bleeder system in an autoclave, resin
flows from the composite in the directions normal and parallel to the laminate surface

[10]. The resin flow rate depends on:

e the magnitude of the portion of the applied pressure which is transmitted to

the resin,
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e the gas pressure in the bag,

e the viscosity of the resin,

e the specific permeability of the fiber network in each direction,
e the porosity of the fiber network,

e the dimensions of the composite laminate, and

e the boundary condition on the surface such as impermeable boundary or per-

meable boundary.

The flow is not a steady state, but is transient since there is a continuous depletion
of epoxy from the composite with time.

Dave [10] and Gutowski [52] developed, independently, a flow model that is
described in terms of Darcy’s Law for flow in a porous medium. Unlike previous resin
flow models [4, 50, 51], this model properly considers the flow in different directions
to be coupled, and provides a unified approach in arriving at the solution. The
governing differential equation satisfying the consolidation of a porous bed within a
given time interval with 2-D flow and 1-D confined compression condition is given
by [10]:

9P 9P 8P OP

-a—a':? +2S;,——— + 52252‘ = UMy—(7T (2'3)

Sz = 0x0z ot

where P is the hydraulic resin pressure within the pores, p is the viscosity, and
m., is the coefficient of volume change. m, describes the stress-strain behavior of

a body in confined compression. For a porous medium, it is the ratio of change in



CHAPTER 2. PROCESS MODELING 37

porosity to axial stress. Sz, S:: and Sz, are the coefficients of effective anisotropic
specific permeabilities, which depend on the stress level. The off-axis permeabilities

are defined in the same way as the off-axis conductivities.

2.3.3 Thermo—Kinetic Model

This model describes the kinetics of the chemical transformations in the matrix. It
predicts the exothermal heat of reaction and the degree of cure as a function of time
and temperature.

For curing reactions, the rate of heat flow (%I-) can be measured by a differen-
tial scanning calorimeter DSC. It has been assumed that ‘%’- is directly proportional
to the rate of disappearance of reactive groups during curing (%), and full curing,
where « is degree of cure and @ = 1 means that all reactive groups have reacted.

The total heat released to yield a fully cured thermoset is defined as the total
heat of reaction Hg. So, the reaction rate can be expressed as:

dH
da G

= 2.
dt Hp ( 4)

where 22 is the ordinate in a DSC thermogram. Hence, the internal heat generation
dt gr g

term ¢ in equation 2.1 can be represented as:

da
. hutnd 2.
G = prv-Hp pr (2.5)

where p, and v, are the resin density and volume fraction, respectively.
The dependence of the cure on the temperature and on the degree of cure must

be known to completely define the model. This functional relationship along with
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the value of Hr has been determined experimentally for different materials [53, 54].
The usual expression that is used to obtain the kinetic equation for both epoxy and

unsaturated polyester systems can be written as:

do
dt

—(Alexp( “)(Bo —a®)(1 —a™)™ (2.6)

subjected to the initial condition a(z,z) = 0 at ¢t = 0. A; and A, are pre-
exponential factors, and E; and E, are activation energies. ai, a2, as, a4, and B, are

constants. R is universal gas constant.

2.3.4 Viscosity Model

The viscosity model should be able to predict the viscosity at any combination of
temperature and time. Since viscosity 1 depends on the degree of cure, the vis-
cosity model has to be combined with the thermo—kinetic model to become useful.
This combination describes the chemorheological behavior of the thermoset. There
a.re'two different phenomena which govern the viscosity of a thermoset. One phe-
nomenon is the growing size of the molecules during curing which increases the
viscosity of the resin. The other is the effect of temperature on molecular mobility.
These two mechanisms together determine the viscosity of reactive polymers in the
fluid state. The following expression can be used to describe the resin viscosity of

an epoxy system according to Lee and his co-workers [55]:

[ = [loo XD (gT + K, a) (2.7)
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where U is the activation energy, R is the universal gas constant, T' is the absolute

temperature, K, is a constant, and a is the degree of cure.

2.3.5 Void Model

Ideally, a void model should predict the void size distribution and the positions of the
voids at any combination of time, temperature and pressure during the curing pro-
cess. For the construction of this submodel, a description of the thermo-kinetics, the
viscosity and flow behavior of the resin is needed as input data [56]. Unfortunately,
it is very difficult to obtain all the information needed to perform the predictions.
But a simplified void model can at least help us to limit the risk for voids in our
choice of the optimum cure conditions in terms of time, temperature and pressure.
The resin pressure early in the cure cycle and the initial resin moisture content are
critical considerations in producing void—free laminates.

Since the driving force for diffusion rises with temperature, and in order to
prevent the potential for pure water void growth by moisture diffusion in a laminate
at all times and temperature, the resin pressure at any point within the curing

laminate must satisfy the following inequality [57]:

9
Prin > 4.962 x 10%ezp —%?—) (RH), (2.8)

where P, (atm) is the minimum resin pressure required to prevent void growth by
moisture diffusion at any time during cure, (RH), (%) is the relative humidity to

which the resin in the prepreg is equilibrated prior to processing, and T (K) is the
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temperature at any time during processing.

Equa.tion 2.8 was derived from the requirement that void growth by moisture
diffusion at any temperature cannot occur if the pressure within the void is greater
than the saturated vapor pressure at that temperature. In terms of moisture con-
centration, it implies that if the concentration of the water inside the void is always
greater than that within the bulk resin, then there is no net positive driving force

for void growth during the cure cycle.

2.4 Boundary Conditions

2.4.1 Temperature Boundary Conditions

A generalized boundary condition formulation is used to permit complete flexibility
in the simulation of the autoclave curing process. This is expressed mathematically

as:

a7,
on

+ 0T +cT, =0 for T(z,z) on D (2.9)

a

where D represents the domain boundary, T is the specified surface boundary tem-
perature that need to be solved (objective) as a function of time, and 7 is the
outward unit normal to the domain surface defined in the (z, z) global coordinate
system. The coefficients a, b and c define the appropriate effective condition across
the boundary of the domain. T}, is the temperature at the boundary surface which
can be constant or variable depending on the values 6f a, b and c. The three differ-

ent boundary conditions that may be enforced on the domain boundaries are either
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Dirichlet, Neumann or Robin conditions. Table 2.1 summarizes these conditions

for temperature boundaries.

coeff. a b c
Dirichlet | 0 1 -1
Neumann | 1 0 0

Robin 1| (Bepr | =(B)esr

Table 2.1: Generalized Temperature Boundary Condition Coefficients.

Here, (£)ess is the effective heat transfer coefficient at the laminate surfaces to

account for all the thermal resistance associated with the tooling and bag assembly.

e The Dirichlet, or prescribed boundary condition, is most useful when experi-

mental transient part surface temperatures T, are known.

e The Neumann, or insulated boundary condition, is used when symmetry con-

ditions or insulated surfaces are imposed.

e Robin, or mixed boundary condition, is used when temperature profiles T on

the boundary are not known prior to simulation.

2.4.2 Pressure Boundary Conditions

A generalized boundary condition equation for pressure is used which is similar to

that used for temperature. It is written as:

0P,
on

a

+bP, +cP, =0 for P(z,z)on D (2.10)
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where P, is the surface boundary pressure that need to be solved as a function of
time, and P, is the actual pressure boundary condition of the surrounding (bag
pressure) which can be constant or variable with time.

Formulating pressure boundary conditions for the Dirichlet or Neumann case
is a straight forward procedure. When pressure values at the surface boundaries P;
are known, their values are directly applied. Also, when no flow occurs at a surface
boundary that has outward unit normal #, then % is set equal to zero. However,
when flow proceeds through different media (as in the case for resin flow out of
the laminate through the perforated release film, bleeder and breather layers) and
the pressure value at this boundary changes with resin build-up, neither Dirichlet
nor Neumann cases will succeed in representing the real situation. Therefore, a
generalized boundary condition formulation for pressure must be derived for the

following reasons:

1. to avoid the assumption of “free bleeding”, i.e. P, = 0 that is associated by

excluding the effect of the bleeder on the resin flow behavior *,

E\D

to overcome difficulties in modeling the detailed flow at the perforated release
film, bleeder and breather layers where resin would bleed out of the laminate
freely at first, and then will be restricted when the different cloths are filled

with resin 2, and

1A procedure followed by most researchers.
2A situation that was addressed in Reference [58], and solved by settingP, = 0 at the laminate
top surface and P, = 0.5M Pa at the edges.
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3. to quantify the combined resistance of release, bleeder and breather materials

to flow at that boundary.

To formulate a generalized boundary condition for pressure as well, Darcy’s
law of permeability will be used. Resin flow rate at the laminate surface, according
to this law, is written as [59, 60}:

Sp 0P _ S, 0P

qn = —— =

g on g On

(2.11)

where S is the permeability in the 2 direction, and subscripts p and b refer to the
prepreg material and the bagging materials (perforated release film, bleeder and

breather layers), respectively, as shown in Figure 2.2.

Combined cloth
materials of
thickness A

Prepreg Material
o o 0 0 0 .‘ -

Figure 2.2: Resin flow out of the laminate through the combined release, bleeder
and breather materials.
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The second term in Equation 2.11 can be approximated by:

58P, _ S5 P.—P,

= 2
g on L A (2.12)
Se8P. — _F —
or =b&e fe(Ps — Fy) (2.13)

where f. = u—sbA—

f. is an average flow coefficient that is analogous to the average heat transfer coef-
ficient A. A is the thickness of the different bagging materials. Hence, combining

equations 2.11 and 2.13, resin flow can be written as:

S, 0P ¢
f%‘ = f(Ps — Fy) (2.14)

98 — (F)ers(Ps — P.
or == (Fc)ess( 7) (2.15)

S,
where (Fl)efr = 5{’3

(F.)ess is an effective flow coefficient that is analogous to (%)ess used in heat flow
equations. When the value of (F.).ss is small, then the resistance to flow from
laminate to boundary layer is high, and vice versa. Now using equation 2.15 will
enable us to formulate a generalized boundary condition for pressure, the same as

temperature. This is expressed as follows:

a—aég- +bP, +cP, =0 for P(z,z) on D (2.16)

which is the same equation that we started with, Equation 2.10. The three different

boundary conditions that may be enforced on the boundaries are summarized in

Table 2.2 below.
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coeff. a b c
Dirichlet | 0 1 -1
Neumann | 1 0 0

Robin V| (Ferr | —(Fe)ess

Table 2.2: Generalized Boundary Condition Coefficients.

e The Dirichlet condition is used when pressure values P, are known at the

boundaries.

e The Neumann condition is used when no—-flow or insulated conditions are im-

posed.

e Robin condition is used to account for the resistance for resin to flow, which
is associated with the situation when release, bleeder and breather layers are

placed in contact with the surface of the laminate.

The following figure 2.3 shows the implementation of the generalized temper-
ature and pressure boundary conditions for the kind of lay—up that was shown in
Figure 1.4. y; and y2 can be any number.

The next chapter shows the implementation of the governing equations in the

numerical solution and the material system used for the simulation and experiments.
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(h/k)eft=y1

(Fc)eatexy2

, Ts = T(t)

Figure 2.3: Temperature and pressure boundary conditions.



Chapter 3

Numerical Solution

3.1 Introduction

The strategy to be followed to solve the problem of 2-dimensional anisotropic cure
simulation of thick thermosetting arbitrary composite section will be explained and
presented in this chapter. Temperature and pressure solutions are based on an
incremental transient finite difference formulation. The 2-D analysis utilizes the
Boundary-Fitted Coordinate System (BFCS) transformation technique to accom-
modate arbitrarily shaped cross-sectional geometries. To solve the resulting finite
difference equations, the Alternating Direction Explicit (ADE) method is utilized.

These methods are discussed below.

47
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3.2 Coordinate Transformation

A method is needed with which the irregular physical shape can be mapped into a
rectangular computational domain. Thompson [61, 62] described a method called a
Boundary-Fitted coordinate System (BFCS) for mapping via a general coordinate
transformation, as shown in figure 3.1. The transformation is governed by a set of
partial differential equations (PDEs) relating the physical coordinates z and z to
the computational coordinates £and 7 . Also the governing equations and boundary
conditions for the problem must be transformed into this computational domain.
Once this is done, the problem can be easily solved in the rectangular domain
by using finite difference expressions to evaluate the partial derivatives. Solutions
are obtained in the computational domain and subsequently mapped back into the
physical domain through the correspondence of nodes in the respective planes.

As mentioned previously, the domain transformation is governed by a pair of
PDEs. While there may be several types of PDEs which would suffice, the Laplacian
equations are chosen because they produce a smoothly distributed grids which con-
form nicely to the pre-defined boundaries of the domain [63]. This can be described
as:

St+EE=0 G5.1)
Bz =0
These PDEs govern the transformation from the = — z (physical) plane to the £ —7

(computational) plane. However, the problem in hand is of the reverse order; the

transformed coordinates (£,n) are the known values while the physical coordinates
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—\)

-G

Figure 3.1: Mapping from a physical domain to a computational domain.

49
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are what we are seeking. In order to solve this problem, the dependent and in-
dependent variables in Equation 3.1 must be interchanged to provide the inverse
transformation. This produces the following equations:

p%%”-—Qﬁ%-i—'yg%:O (3.2)
pg—?—.‘lﬁ%’--{-vg%i—:O -

in which z = z(£,n) and z = 2(&, 1) , while the coefficients are expressed as follows:

2 2
= (2= 3z
p=(5) +(5)
— 8z9z | 8:8z
ﬁ“aean'{'asar,

v= () + ()

and vary from point-to-point throughout the domain. The necessary boundary
conditions for equation 3.2 are the z and z coordinates of the nodes along the
boundary of the physical domain. Defining the boundary conditions as the specific
coordinates of the physical boundaries of the domain gives a unique solution for the
mapping.

To solve equation 3.2, the derivatives are approximated by using central finite
difference equations (FDEs). These are shown in Appendix A, where A{ and An
are both set equal to 1 to achieve simplicity. This system of equations for z and
z can be solved by a number of means among which is the Gauss-Seidel iteration

method.

3.3 Transformation of Governing Equations

To enable the consideration of irregular shapes, the governing equations introduced

in the previous chapter are transformed into a general curvilinear coordinate system
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as described in the previous section. The transformation was performed only on
the geometrical coordinates and not in the time domain. Since these derivations are
rather lengthy, they are given in Appendix B with the results provided below.
Bogetti [64] used the BFCS technique in transforming the heat equation 2.1
and the generalized boundary condition equation 2.9. Following his steps, the trans-
formation of the heat conduction equations 2.1 into the computational domain pro-

duces the following equation:

o*T *T é*T oT oT oT
A= ez +A2 +A33§817 +A4EE+A5§7“+Q v (3.3)

Similarly, for the resin flow equation 2.3, transformation produces:

82P 9’P 9*P oP oP oP
852 +32 +838§6 + By~ B¢ +35‘51j]' = ,umuﬁ

The coefficients A; are functions of the effective thermal conductivities, and B; are

(3:4)

functions of the effective permeabilities and are both defined in Appendix B.

Also, the generalized boundary condition equations 2.9 and 2.16 need to be

transformed since g—ﬁ and g—’.’ on the domain boundary are required. The trans-

formations were given by Trafford [65], but are shown in Appendix C for the sake

of completeness. For each surface of the four boundaries shown in Figure 3.2, the

transformations produce the following:

0P 4 by, +cU(t) =0  on the A(+&)face
a% + 0¥, 4+ c¥(t)=0 on the A(+n)face (3.5)

5
aﬂ}—\/f—q'i + 0¥, +c¥(t)=0 on the f(—§)face

&3‘1& + 00, +c¥(t) =0 on the 7(—n)face
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n(+n)

| \\\ n(+§)
n(-n) T
g

Figure 3.2: Different faces of the computational domain.

n(-g)~~

where ¥ can be either T or P, and #(+€), 2(+n), #(—€) and #(—n) are the faces of
the four boundaries. Subscripts £ and n denote partial differentiation with respect
to the rectangular (£,7n) computational domain spatial coordinates.

As one can see, the general coordinate transformation substantially compli-
cated the governing equation. This was the price paid for the ability to analyze
complex shapes with relatively simple finite difference equations. One should note
that these transformed equations were independent of the method used to generate

the coordinate mesh.
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3.4 Material System Used

Physical properties of the composite are considered to be function of fiber volume
fraction. This type of calculation provides more accurate results in the simulation.
Due to the non-uniform resin flow through the thickness, there would be a fiber
volume fraction gradient, causing different physical properties at different locations.

Hercules graphite/epoxy prepregs, commercially called AS4/3501-6, is chosen
due to the wealth of information available in the literature. This is a representative
epoxy system used widely in aerospace applications. The prepreg specifications as
well as kinetic and viscosity parameters that will be used in the rest of this work
are taken from [55, 66], and shown in table 3.1 below. The thickness of each ply
is approximately 0.16 mm and it has 36% resin content by weight. The chemical

composition along with basic epoxy reactions are explained in Appendix D.

3.5 Micromechanics

3.5.1 Thermal Kinetics

The composite heat capacity ¢, , density p and conductivity k; in the fiber direction

are calculated using rule of mixture:

p=psvs+pr(l —vy)
¢p = Cpymy + Cpr(l — my) (3-6)
kll = kf'l)f -+ k',-(l - 'U_f)
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Fiber radius rr | 3.5 x107%m
Fiber density pr | 1.79 x 10%%¢
Specific heat of fiber oy | 712 x 10220
Thermal conductivity of fiber | kf 26%\"'

Resin density p- | 1.26 x 1052
Specific heat of resin cor | 1.26 x 108

Thermal conductivity of resin | &, 0.167%

Pre-exponential factor A; | 2.101 x 108min~!
Pre-exponential factor A; | —2.014 x 10%9min™!
Pre-exponential factor As | 1.96 x 10°min~!
Activation energy E, | 8.07 x 10*-L
Activation energy E, | 7.78 x 10* L,
Activation energy E; | 5.66 x 10*-L;

Heat of reaction Hgp | 4.74 x 10%

Activation energy for viscosity | U | 9.08 x 104é

Viscosity constant Poo | 7-93 x 107 Pa.s

Viscosity constant K, | 14.1

Table 3.1: Material properties of Hercules AS4/3501-6 [55,66].
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o
[a]}

where subscripts f and r stands for fiber and resin, respectively. v is the volume
fraction and m is the mass fraction.
The composite thermal conductivity ka3 perpendicular to the fiber direction is

calculated using Springer and Tsai model [67]:

Py
’—Zal:(l—Q L)+ 5 |m— 4 arctan -
' =2 10/ (3.7
— kr _
D=2(§ ~1)

The cross-term thermal conductivity k13 equals to zero.

3.5.2 Chemical Reaction Kinetics

The reaction rate expression for Hercules 3501-6 resin can be expressed as [55]:

o (K; + K2a)(1 — a)(047 — &) <03
-d— =
i K3(1 —a) a>0.3 (3-8)
where K; = A;exp (%) 7 1=1,2,3

subjected to the initial condition a(z,z) =0 at ¢ =0.

3.5.3 Flow Kinetics

The axial and transverse permeabilities are functions of the state of the fiber bed.
Traditionally, researchers have relied on the Carman-Kozeny equation [59] to cal-

culate S;; and S33. This is given by:

_ Tp (v
11 — 41y
s (3.9)
533 = 4r33 1

Here, r; is the fiber radius, x is the Kozeny constant and takes the values

0.3 along the fibers (i=1) and 6.0 transverse to the fibers (¢=3). & is not a true
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constant but, for limited ranges of porosity, it can be considered constant. However,
equation 3.9 does not yield a very satisfactory approach for describing fiber bed
permeabilities because of its empirical nature [29].

Van der Westhuizen and Du Plessis [68, 69] developed a closed form solution for
the permeability of unidirectional laminates. These solutions were shown to compare

well with experimental measurements. For circular fibers, these permeabilities are:

r“; (1r+2.15-u!)(1—u,)2

Su = 482
7
5. _ Br—vpUioy/o (3.10)
33 — 24(0;)1.5
where Vi = vy vy < 0.5
v} = 2.22v% — 1.22vf + 0.56 vy > 0.5

The cross-term permeability S;3 equals to zero. Equation 3.10 was used throughout

this research.

3.5.4 Coeflicient of Volume Change

According to Dave et. al. [10, 70], the coeflicient of volume change m, is expressed

as:
1 dvf

- —— 1
M = dP; (3-11)

where P; is the fiber pressure.
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3.5.5 Stress—Strain Relations

Many workers tried to model the stress—strain relationship of a fiber bed. Dave et al
[10] used a stress—strain relation which was based on experimental data by Gutowski
[52] to simulate composite processing. The stress—strain relationship they used was:

—1.556 x 1073 P + 0.810 0 < Py £68.747 kPa
e= (3.12)

—0.134log Py + 0.951 68.747 < Py < 1030.61 kPa

where Py is the fiber pressure in kPa. e is the void ratio (volume of voids per unit

volume of solid constituents) given by the ratio -1%;1 Hence, equation 3.12 can be

written as:
5.0329 x 10~ P; + 0.552 0 < P; < 68.747 kPa .19
vy = .
0.04441n Pr + 0.395 68.747 < Py < 1030.61 kPa
The stress—strain relationship used by Gutowski [52] was:
—1.552 x 10~3 Py + 0.810 0 < P; < 68.95 kPa
e= (3.14)
—0.247log P; -+ 1.899 68.95 < P; < 1034 kPa
from which we get:
5.033 x 10~4P; + 0.55 0 < P; < 68.95 kPa ]
vy = (3.10)
0.275 P§-067 68.95 < P; < 1034 kPa
Also, Hojjati [6] used another relationship in his work given by:
6.915 x 1074 P + 0.530 0 < P; <68.7 kPa
vy = (3.16)
0.109log P; + 0.377 68.7 < P; < 1030.61 kPa

In this work, the stress—strain relation obtained by Gutowski (equation 3.14)

will be used. So, from equation 3.15 2% can be obtained as:

? de
dvy 5.033 x 10~ 0 < P; < 68.95 kPa i
dPy o017 68.95 < P; < 1034 kPa '

f
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3.5.6 Void Growth

In this part of the general model, the resin pressure P calculated from the flow
model is checked against P calculated from Equation 2.8. If P is always greater
than P, throughout the curing cycle, then the potential for void growth can be

minimized.

3.6 Finite Difference Solution Procedure

This section describes the numerical methods used to solve the transformed govern-
ing equations and boundary conditions. As explained previously, the BFCS tech-
nique allowed for irregularly—shaped domains via relatively straight forward finite
difference approximations of the derivatives in the transformed equations.

The Alternating Direction Explicit (ADE) finite difference method [71] is em-
ployed in the solution of equations 3.3 and 3.4. The computational mesh of nodal
dimensions m and n is illustrated in the Figure 3.3. Central differencing formulas
are employed at all interior nodes, while forward and backward differencing formulas

are used on the boundary nodes.

3.6.1 The ADE Method

Substantial reduction in computation time is realized when the ADE method is
used rather than an implicit method [64]. The ADE does not require matrices to be

inverted, a situation encountered in the implicit approach. It is also preferred over
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- g

Figure 3.3: The rectangular computational mesh.

a fully explicit method since it has been shown to be unconditionally stable with
time step size, and is less sensitive to computational errors [71].

The ADE finite difference method applies a fully explicit approach twice on
the computational domain for each time step increment. The calculation procedure
is simultaneously marched in both forward and reverse directions and the resulting
solutions are averaged to obtain the final value. One sweep through finite difference
mesh is made in a systematic forward direction where a pseudo-temperature (u; ;)T
or pseudo—pressure (u;;)p solution, at each interior node is defined explicitly in
terms of adjacent nodes. For the same time step, another sweep is made in exactly
the reverse direction to obtain a second pseudo-temperature (v; ;)7 and pseudo-
pressure (v; ;)p solutions. The temperature/pressure at node i, j is then computed

at each interior node for the current time step as the arithmetic average of the two
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pseudo—temperature/pressure solution:

() (),

5 9

4

(3.18)

oo _ (#5)p+ (ohi)

ivj - 2

(3.19)

The advantage of this method is two fold. First it is unconditionally stable,

and second the truncation error is approximately O[(At)?, (A€)?, (An)?].

3.6.2 Temperature Equation

Following the detailed procedure described by Barakat and Clark [71] and imple-
mented by Boggetti [64], Equation 3.3 is discretized in the forward direction as

follows:
: t+AL t+At t ¢ t+At t+At
(Al)i,j [ui-i-l,j ( U; ; + U; ; ) + Uil 3] + (A2)ij [ui,j+1 - (ui,j + U; 5 ) +u; _1—1]
A t utrot : t+At TN
+ ("43‘),-1- (“i+1.j+1 Uip1j-1 = Yimgj1 T “1—1,1—1) + (%);j (“i+1.j - ui—l,j)
t+ AL t
A t t+At Vi  TH%ij
+ (_25'),-J- (ui.J’+1 ,J—l) + qt,J (Pcp)i,j ( At )
(3.20)

from which the expression for the temperature (u; ;) at the time step ¢ + At for an
interior node during a forward sweep is given by:

t+at) 1 Pcp. t t
(ui'j )T - (3%+A1+A2) - [( Af) { ’ui'j + %, j

+(A1); ; ('“5’4-1 G Uit ut+At)

t+At 9
( 2)11 ( 1]1—1 g] + ut J—l) (3-u1)
Az t+At t t+A4t
( 4 )” ( Uiprjer ~ Yigrjo1 — Yionjen T %o

4). LA 1 (As O
+(2 i 1+1_1 Uz—1,5 + 2 /)ij ui,j-{-l Ui -1
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The (u;;),’s at time ¢ + At step on the right-hand side of equation 3.21 all have
previously been computed during the same time step. Similarly, Equation 3.3 is
discretized in the backward direction to yield:
t+A0t t+At t+A A
(Al) [ 1+l.7 - ( +vl]) +v‘l—1]] +(‘A‘2) [ .J+1t ( 3 t_*_v!]) +v1] 1]
A t+At t4+-At A t+At
+ (‘.‘{1) i (Ui+1,j+1 — vl o1 — Vit 01-1,1-1) + (—2"‘)1 (Ui-i—l,j - vf-1,j)

A . H‘A‘—uf )
+ (Azi) i (U:tjﬂf - Ug,j_l) +qt; = (pcp)t'J (T)
(3.22)

from which the pseudo-temperature (v; ;) at time step ¢ 4+ At for an interior node
during a backward sweep is given by:

t+At _ 1 Pp t st
(vi,j )T - (—EZ’AE,+A1+A2> i [(At)i - Vg5 + 4q:.;

N
+ (A1), ; (v ( ztiut —vi;+ vl .1)

At 9
+ (AZ)i,j (vi,j+1 - Ui,j + 'U,',j_.l) (3..3)
A t+ At t t+At
+ (_43');1- (vi+1,j+1 ~ Uiy jm1 — Vity 41 Vg o 1)

A ot As t+AL
+ (71);, (vg‘-l'f - Vi 11) ( ) ( Vi1 vfrj-l)]
where the (v;;);’s at time step ¢ + At on the right-hand side of equation 3.23
are those previously computed during the same time step. Temperature is then

calculated using equation 3.18.

The heat generation term ¢} ; is computed from equation 2.5 as:

do
= oH 9
Q'LJ p R ( dt ) J (3--«4)

where ‘fg ) is the instantaneous cure rate evaluated at time step t. Also,

da
oftl = af ; + Ot ( ) (3.25)
dt i
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Instantaneous cure rates are computed based on instantaneous temperature and
degree of cure through the empirical rate expression shown in equation 3.8. Tem-
perature Distributions at time step ¢+/\t are obtained by solving the finite difference
equations 3.21 and 3.23 and substituting into 3.18 in conjunction with the appro-

priate boundary condition.

3.6.3 Pressure Equation

Following the same procedure in discretising temperature, pressure Pf; at each point
is calculated using equation 3.19. The pseudo-pressure equations are derived as

above, and are given below.

(ut+At) _ 1 (H-mv) ul
= | wp—Lt—nr 4Ty L .
tJ P EZY 4B, 48, i At )it

+ (B1); ; (uf-,H G ubi+ ufflA;)
+(Ba)s; (v — uly +uiiE) (3.26)

By ¢ uitot t t+At
+(4),‘j(ui+1,j+l Uipy j—-1 — Uiz 1_7.4.]_"*‘?-1t —1,5-1

B. ¢ t+At Bs t t+At
+ T, By — %ims) %) g — Big
t.J 7

and

t+At ( ) [(umu) ot .
+31+32 ot Jig 7w
+(B1);; (vztIlA; —vi; + ”f—1.j)
+(Ba);; (viEe) — ot +vi5y) (3.27)
+ (‘Bf') i (vﬁiﬁjﬂ — vl g-1 ”fflA;-*-l + vf—l,j—1)

B t+ At t t+AL t
24 . g 25 —_pt.
+ ( 2 )i‘j (v1+1'-7 1—1 J) ( )z] ( i,5+1 vl'J_l)]
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3.7 Solution Algorithm

A computer code was developed to solve the cure simulation equations. The flow
chart for solution algorithm is shown in Figure 3.4. The output includes temperature
T, pressure P, degree of cure «, viscosity u and fiber volume fraction vy at each
time step. Updating the mesh is carried out by fixing the laminate surfaces adjacent
to the mold surface and the dams, and by moving the free upper surface as a result
of laminate compaction.

To coduct the cure simulation, the time step At and the total cure time must
be defined. Small time step size, on one hand, means accurate solution and, on the
other hand, means more computational time. Bogetti [64] showed that even though
the ADE method is unconditionally stable with any time step size, a time step size
between one and two seconds yielded converged solutions for all the cure simulations

conducted in his work.
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a) Read Input Data File:

l1.Material properties,
2.Cure Cycle T & P,
3.B.C. coefficients,
4.Initial Conditions.

b) Read Mesh points.

=LSolve T™t,x,2z) ]

Get degree—-of-cure
and viscosity
distribution

[Solve for heat generati@

v
[Solve P(t,x,z)
¥

(ﬁ&et the new V£ and vm;)

EUpdate the mesh pointsj

(%alculate the Laminate Thicknesi]

v
[jIncrease time;)
No Yes
[Increment time End of m
Cure

Figure 3.4: The solution algorithm flow chart.




Chapter 4

Experimental and Simulation

Results

4.1 Introduction

Although most models are based on first principles, their validation must be deter-
mined by tests. In fact, numerous measurements have been reported on composite
temperatures and degree of cure variations during cure. Specifically, the two main
goals of this chapter are (1) to perform experiments based on the recommended cure
cycles and compare the results with the output of the computer code based on the
various cure models, and (2) to reveal problems unique to the angle-bend composite

parts.
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4.2 Experimental Apparatus and Procedure

Hercules AS4/3501-6 graphite/epoxy laminate made of 50 layers of unidirectional

tape was cured inside an Autoclave. A photo of the autoclave is shown in Figure 4.1.

The thickness of each ply is approximately 0.16 mm and has 36% resin content by
1

weight before cure. The cure assembly consisted of the folowing components * as
g g P

shown in Figure 4.2:

Figure 4.1: A photo of the autoclave used to process the samples.

1Bagging materials were provided by the AIRTECH International INC.
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\
\ \—— Naon-perforated relcase film

L Tool

Figure 4.2: Components of the cure assembly.
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e Aluminum mold machined from a 25mm thick plate with 90° angle and 165mm x

153mm sides.

e Non-perforated Teflon ply (Release Ease 234 TFP Non-Perforated).

e 50 layers of AS4/3501-6 graphite/epoxy.

e Perforated release coated glass fabric (Release Ease 234 TFP Perforated) with

0.003 inch ply thickness.

e 3 layers of bleeder plies (Air Weave FR) placed on top of the laminate. Fabric

thickness is 0.013 inch.
e One breather layer.

¢ Vacuum bag.

Insulator dams were installed in the y-direction to restrict resin and heat
flows. This was done using one-inch thick fire brick stone. To allow one dimensional
compaction, two aluminum dams of thickness 6mm were installed as shown in Fig-
ure 4.2. A vacuum line was fed into this outer layer before inserting the charge into
the autoclave.

The temperature of the Autoclave was measured by a K-type thermocouple
placed below the assembly inside the autoclave. Referring to Fig. 4.3, the prepreg
material was cured according to the manufacturers recommended standard 2-step

cure schedule [2] with: T} = 115°C, t; = 60 min, T2 = 177°C and ¢, = 120 min.
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A pressure of 0.584M Pa (85 psi) was applied initially, and a vacuum was drawn
on the bagged charge. A second, modified 3—step curing schedule suggested by the
manufacturer for thicker parts [2], was also applied with: T} = 115°C, ¢, = 120
min, T; = 150°C, t2 = 90 min, T3 = 177°C and t3 = 240 min. The same pressure
and vacuum were drawn on the bag as above. Five samples were processed in the

autoclave using both curing cycles. They were prepared as follows:

# 2 The 50 layers were laid with debulking after each 10 layers, and the sample
was cured using the 2-step curing cycle. 1 layer of perforated reiease film is

applied.

# 3 The 50 layers were laid with debulking after each 5 layers, and the sample
was cured using the 3-step curing cycle. 1 layer of perforated release film is

applied.

# 4 The 50 layers were laid in one shot, and the sample was cured using the 2-step
curing cycle. 2 layers of perforated release film are applied to restrict resin

flow.

# 5 The 50 layers were laid with debulking after each 10 layers, and the sample
was cured using the 3-step curing cycle. 2 layers of perforated release film are

applied to restrict resin flow.

# 1 The same as sample # 4 with two sensors (thermocouple and dielectric) in-

serted at points A and B, respectively, as shown in Figure 4.4 (the dielectric
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Figure 4.3: Processing cure cycles used in 2-step and 3-step cycles.
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sensor measures temperature as well).

It was noted during the autoclave processing that the rate of heating was 2.2°C.
To help in the analysis, an angle ¢ and a non-dimensional scale [ (in the

thickness direction) were defined as shown in Figure 4.4. /=0 at the bottom (mold

surface), [=1/2 at the middle and /=1 at the top surface. (For point A: ¢ = 70° and

I=1/2. For point B: ¢ = 45° and [=1/2.)

DEA Sensor -\

B
'/ // N \\
Ao N
SR
oA A
S >
/ s \ <
p / S
/ \ '~
< R .
» v \
3 \
AW b \
\
¢, Ve
N y
\/ . p y
\\ \ i
ANAY /
AR ya
~ \\\/ y

Figure 4.4: Thermocouple A and dielectric sensor B locations for sample # 1.

For sample # 1, the ionic conductivity was measured by a TA Instruments

Dielectric Analyzer (DEA) which incorporates technology licensed from Micromet
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instruments. A photo of the DEA system is shown in Figure 4.5 and an overview
of the specifications is described in Appendix E. Figure 4.6 shows the interface box

connected to the remote sensor and the autoclave.

mterface

. cabls

Figure 4.5: Dielectric Analyzer with TA Instruments Thermal Analyst Controller
attached to the autoclave.

The type of the sensor used with the DEA was a Micromet Low Conductivity
Dielectric remote single surface sensor mounted at point B. A photograph of the
sensor is shown in Figure 4.7. The Micromet instrument provides directly four
major properties: the permittivity e, the loss factor €”, the dissipation factor e” /e’,

and the ionic conductivity o™1.
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Figure 4.6: The interface box connected to the autoclave through the remote sensor.
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Figure 4.7: Dielectric remote single surface sensor.
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In the DEA experiment, pre-selected frequencies in the range between 0.3 and
10° Hz were scanned during experimental measurements to ensure that the data
satisfy the conditions of the instrument [37]. Some gaps in the data (shown in the
next section) occurred during the first holding temperature and also when the most
appropriate frequency was between any of these pre-selected frequencies. However,
these gaps were of no concern here since the major interest was in the trend in
the data and not in the individual data points. The signals from the sensor were
fed into the TA Instrument computer-based thermal analysis controller. The data
were stored and processed in this computer. [t was noticed that the trend in the
ionic conductivity variation with time was similar to that found in references [27]
and [28]? but the scale was different. The test was repeated on other raw materials
and the same results were obtained. The data thus generated are presented later
in this chapter. Before discussing the experimental results, computer simulation

preparation is presented.

4.3 Simulation Model

To verify the experimental results, the simulation code was run on a curved laminate
that is divided into 61 x 21 mesh ? (shown in Figure 4.8) with time step taken equal
to 1 second. Mesh sizes of 81 x 31 and 101 x 31 have been simulated and were found
to give the same results. The boundary conditions imposed on the different surfaces

were as follows:

2m x n: m points in £ direction and n points in 7 direction.
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Figure 4.8: Angle-bend geometry mesh
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1. Temperature:

1

e Top surface: (£).ry = 10m™
e Bottom surface: T = T,(t)

o Side surfaces: T = T,(¢)

where T,(t) is the autoclave temperature (cure cycle). An experimental para-
metric study identified the effective heat transfer coefficient (%), 75 to be 10

(1/m) on the top surface of the laminate.

2. Pressure:

e Top surface:
(F.)ess = 1000 for 1 perforated release film,

(F.)ess = 100 for 2 perforated release films.

e Bottom surface: % =0

e Side surfaces: % =0

where the autoclave pressure was P, = 0.584 M Pa and the bag pressure was
P, =0 Pa. The value for the flow resistance coefficient was chosen based on

an experimental parametric study.
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4.4 Results

4.4.1 Experimental Results

The photo in Figure 4.9 shows the tool and some of the samples processed.

Figure 4.9: Tool and samples photo.

In Figure 4.10, the part .thickness variation with the angle ¢ is shown for the
four samples #2, #3, #4 and #5. Thickness values obtained from model were
in good agreement with those obtained from experiment especially for samples #2
and #3. From the figure it is seen that thickness was nonuniform across the part

length and this variation increased when the resin flow was restricted (2 perforated
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Figure 4.10: Experimental and simulation results for thickness variation at different

sections.

release films instead of 1 on the top surface of the laminate). When there is a
restriction on resin flow, both 2-step and 3-step cycles produced laminates with
similar thicknesses. However, the difference in thickness was more pronounced when
no restriction on resin flow is present. Finally, debulking the laminate or not did
not seem to have a pronounced effect on the variations in laminate thickness.
These samples were cut length-wise and across-wise to examine the micro-
scopic structure. Five cuts were made cross—wise in samples #4 and #5 to find the
fiber volume fraction values. The sections were made at points 2, 4, 6, 4’ and 2
shown in Figure 4.11. Laminates were polished using sandpaper (grades 320, 400,

600 and 800). The photos in Figure 4.12 show a length-wise microscopic view for
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Figure 4.11: Sample geometry and sections numbers

80
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the four samples at section 6 and /=1/2. All samples show a resin-rich layer es-
pecially between successive layers. The occurrence of this resin-rich layer was the
least in sample #3, and was the most in sample #4. However, from Fig. 4.13, which
shows the straight—section photomicrographs for all the samples, no resin-rich layers
between successive layers were present and all samples look almost the same. Over
the whole length, no wrinkling or waviness in fibers was noticed.

To show the cross—section structure, the cross—section photomicrographs at all
the sections for sample #4 are shown in Figures 4.14 through 4.18 for /=1/2, and in
Figures 4.19 through 4.23 for /=1 and =0. (Similar photomicrographs were obtained
for sample #5.) From these figures, the fiber volume fraction was calculated using
Vfe = %ﬁ, where Ay is the total fiber area and A is the area of the selected region of

the micrograph. The results at [=1/2 are listed in Table 4.1 along with the numerical

results vy,.
vie % Uin %
Section | 2-step | 3-step | 2-step | 3-step
# 4 #35
2 64 62.8 65 66
4 61 62 63.5 64.5
6 58.5 60 61 63.3
4 60 63 63.5 64.5
2’ 63 64.5 65 66

Table 4.1: Experimental (vs.) and Numerical (vs.) fiber volume fraction values for
different sections at i=1/2.

Also, Fig 4.24 shows how v, varies across the thickness for samples # 4 and

# 5. It is clear that there is a variation in v; through the thickness and along the
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(2) sample #2

(b) sample #3

(c) sample #4

(d) sample #5

Figure 4.12: Length-wise photomicrographs (50X) at section 6 and /=1/2.
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(c) sample #4

(d) sample #5

Figure 4.13: Length—wise photomicrographs (50X) at section 3 and /=1/2.
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(a) 150X

(b) 600X

Figure 4.14: Cross-section photomicrograph at section 2 and /[=1/2 (sample # 4).
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(a) 150X

(b) 600X

Figure 4.15: Cross—section photomicrograph at section 4 and /=1/2 (sample # 4).
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(a) 150X

(b) 600X

Figure 4.16: Cross-section photomicrograph at section 6 and /=1/2 (sample # 4).
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(a) 150X

(b) 600X

Figure 4.17: Cross—section photomicrograph at section 4’ and I=1/2 (sample # 4).
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(a) 150X

(b) 600X

Figure 4.18: Cross—section photomicrograph at section 2’ and /=1/2 (sample # 4).
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(a) section 2 at =1

(b) section 2 at =0

Figure 4.19: Cross-section photomicrograph (600X) at section 2 (sample # 4).
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(2) section 4 at =1

(b) section 4 at =0

Figure 4.20: Cross-section photomicrograph (600X) at section 4 (sample # 4).
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(2) section 6 at =1

(b) section 6 at =0

Figure 4.21: Cross—section photomicrograph (600X) at section 6 (sample # 4).
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(a) section 4’ at =1

(b) section 4’ at =0

Figure 4.22:

Cross—section photomicrograph (600X) at section 4’ (sample # 4).
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(a) section 2’ at =1

(b) section 2’ at =0

Figure 4.23: Cross—section photomicrograph (600X) at section 2’ (sample # 4).
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length. The high vy value at the top surface is due to the presence of the bleeder
layer, and the low vs value at the bottom surface is due to the presence of the
impermeable mold surface. This variation increases as we move from the straight
sections to the curved bend.

Figure 4.25 shows the autoclave temperature and the temperatures obtained
at points A and B from model and experiment.

Finally, the enclosed angle of the final part was measured with a profile projec-
tor measurement machine  to investigate the “Spring In” phenomenon. Table 4.2
lists the enclosed angle for the four samples. It is clear that small dimensional
changes have occurred to the processed parts as a result of the mismatch between

in—plane and out—of-plane thermal expansion coefficients.

Part # 2 3 4 5
Enclosed angle (°) | 89.35 | 89.58 | 89.23 | 89.33

Table 4.2: Enclosed angle results

4.4.2 Numerical Results

In the simulation model, the 2-step curing cycle was applied to simulate processing
of sample #4. The temperature and pressure boundary conditions are the same
as explained in section 4.3 (with 2 perforated release films). Figure 4.26 shows the
temperature, and viscosity variations during processing at points A and B. Also,

thickness changes and degree of cure variations for the laminate at points A and B

3A product of Mitutoyo.
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Figure 4.24: vy variation across the thickness obtained from experiment for samples

#4 and #5.
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Figure 4.25: Experimental and model temperature variations obtained for thermo-

couple (A) and sensor (B).
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are shown in Figure 4.27.

Figures 4.28 and 4.29 show the fiber volume fraction distribution obtained
from simulation vy, for samples #4 and #5 using the 2-step and 3-step cycles,
respectively. Again, as in the case for thickness variation, the vy, values obtained

from experiment and simulation are in good agreement.

4.5 DEA Analysis

To calculate the degree of cure using the experimental data obtained from the DEA
measurements for sample #1, Day’s method was used [27]. In this method, a Cure
Inder that is comparable to the degree of cure was calculated. According to Maf-
fezzoli et al. [39], high frequencies contribute more to ionic conductivity during
polymerization (start of cure) while low frequencies contribute more as curing pro-
ceeds. The log(conductivity) variation with time is shown in Figure 4.30, and its
variation with temperature is shown in Figure 4.31. The data shows that dielectric
measurements are sensitive to the changes occurring within the medium. Ionic con-
ductivity first starts to increase from point a to b because of epoxy resin softening.
After that, from point b to c, the curve displays a decrease of ionic conductivity,
i.e., a lowering of ionic mobility, which can be easily explained by an increase of
viscosity in the medium. This decrease continues to the time when the second ramp
(heating) starts (at point c), where ionic conductivity starts to increase due to the

decrease in viscosity. The conductivity increases until the temperature reaches a
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Figure 4.26: Simulation results for temperature and viscosity change for sample #4.
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Figure 4.27: Simulation results for degree of cure and thickness change for sample
#4.
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Figure 4.28: Fiber volume fraction distribution across the thickness obtained for the
2-step curing cycle (sample #4).
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Figure 4.29: Fiber volume fraction distribution across the thickness obtained for the
3-step curing cycle (sample #5).
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point at which the final cross-linking goes off (point d) and leads to a decrease in
ionic mobility and consequently in the ionic conductivity (from point d to e).

To correlate the dielectric response during cure to the reaction kinetics, the
un—cure (0%) and cure (100%) resin equations should be determined first. From the

data, the following 0% and 100% temperature dependencies were estimated:

0% (un— cured): LC =0.0728 « T — 1.8118

(4.1)
100% (cured): LC =0.0210*T —2.3477
where LC'is log conductivity and T is temperature in °C at a given instant. Then,

the cure index can be calculated from:

LC — (0.0728 * T — 1.8118)

Index =
Cure Index (0.0210 * T" — 2.3477) — (0.0728 * T — 1.8118)

(4.2)

log({conductivity)

L 13
[o] 50 100 150 200 250
time (min) -

Figure 4.30: log(Conductivity) vs time obtained from experimental results for sam-
ple #1.
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Figure 4.31: log(Conductivity) vs temperature obtained from experimental results
for sample #1.

The comparison between the cure index and the degree of cure a obtained from
simulation is shown in Figure 4.32. The cure index curve has a shape that is similar
to the degree of cure. It exhibits a slow increase near the end of cure indicating slow
but continuing reaction [27]. The experiment and simulation compare well at the
start of cure but are slightly different at the end.

Also, in Figure 4.33(a), the modified ionic conductivity (m)

is plotted
against time. The modified ionic conductivity is used because it exhibits similar
trends as the viscosity. In Figure 4.33(b), viscosity was re—plotted on a log scale for

comparison. It is seen that the calculated viscosity reaches a minimum at about the

same time as the measured modified ionic conductivity.
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Figure 4.32: Degree of cure variation obtained from experiment and model.

4.6 Corner Strength Experiment

Four test specimens were prepared from the four cured samples in order to test their
strength. Figure 4.34 shows the test specimen and the test setup. The specimens
were pulled apart by force F using a displacement rate-controlled MTS machine
(rate = 5mm/man).

Figures 4.35 to 4.38 show the load—displacement curves for the four tested
samples. The initiation of interlaminar tension failure can be seen by sudden drop
in the load. For specimens #2 and #3, this initial-failure load was the maximum.

For specimen #4, the load dropped (70 N) and then increased but with a
slightly lower slope than the initial one until the major crack (failure) occured. For

specimen #5, however, the case was different where this load continues to increase



CHAPTER 4. EXPERIMENTAL AND SIMULATION RESULTS

0.9

0.8

1/log(conductivity)
o (o4 e
Y

o
H
T

0.3 4
0.2 E
0.1 .l N L L
] 50 100 150 200 250
time (min)
(2) Modified ionic conductivity versus time.
10* T T r v
/'/
10° k Ve |
e /
[v /7
e ;
: /
2 T s
a‘lo 3 H i -
< v !
8 4 ;
= 3 H
a N f
8 t :
a - ¢
Z10'E b ] -
4 - r
i PR
- L I
% /-/ \_ ,.'
t e ’ A
- 4
10° £ r k
< \: ,'
v
10-‘ —r 1 N 1
0 50 100 150 200 250
time (min)

(b) Viscosity p versus time.

Figure 4.33: The modified ionic conductivity and Viscosity versus time.
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Figure 4.34: The test specimen and the test setup.
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Figure 4.35: Load-displacement curve for sample #2.
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Figure 4.36: Load—displacement curve for sample #3.
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Figure 4.37: Load-displacement curve for sample #4.
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Figure 4.38: Load-displacement curve for sample #5.
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Sample | A4 F o Slope é d ly
#  |mm? | ) | (/mm?) | (/mm) | ) | (mm)
2 173.4 | 1061 5.98 272 180 | 4.21 | 0.40
3 141.5 | 923 6.77 233 194 | 4.31 | 0.35
4 164.0 | 1600 9.76 254 49 | 7.28 | 0.65
) 139.5 | 1075 8.44 202 - 5.88 | 0.81

Table 4.3: Load-displacement results for all the samples.

at a very slow rate. Table 4.3 summarizes these results. The different parameters

shown In the table are defined as follows:

A = sample cross—sectional area at section 6,

F = load aft failure initiation,

o = stress at failure initiation (F per area A4),
Slope = slope of the linear portion before initial failure,
é = amount of drop in force from initial failure,

d = displacement up to initial failure,

lq = location of delamination.

Examining the tested specimens showed that initial failure occurs by delami-
nation along ply interfaces at the curved bend. This delamination then proceeds to
the straight arms. Figure 4.39 shows the shape, path and location of delaminations
that occurred in the specimens.

The distance between delamination site at initial failure and the inner surface
of the curved part was found to be different from one sample to another. This site
was closer to the inner surface for samples #2 and #3 than for samples #4 and
#35, being the farthest for sample #5. Referring to Figure 4.24(a), the v; variation
at section 6 shows a jump between /=0.5 and [=0.75, being more located near the

middle. This jump can be related well to the location of delamination position at
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0.354
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Figure 4.39: Schematic drawing showing delamination position for all the samples.
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[=0.53 ~ 0.65 for sample #4. Also, in Figure 4.24(b), the jump is noticed to be
between [=0.5 and [=0.75, but more located near the outer surface which agrees well
with the delamination position at =0.81 for sample #5. Comparing samples #2
and #3, the number of micro-delaminations across the thickness was negligible for
sample #2 compared to that for sample #3 which might be the reason that sample
#3 has 13.2% more strength, 2.4% more displacement (up to the initial failure), and
7.8% more drop in load (§) than sample #2. For samples #4 and #5, the number
of micro-delaminations was almost the same and negligible. Table 4.3 shows that

sample #4 has 8.4% more strength and 23.7% more displacement than for sample

#5.

4.7 Conclusions

In this chapter, thickness and fiber volume fraction variations were investigated
for an L-shaped composite part. Both experiment and simulation show reasonable
agreement in terms of thickness and fiber volume fraction values. They showed
how the quality of the part is not consistent from section to section. Furthermore,
they also demonstrated the need for a modified curing process that would produce
uniform part thickness and fiber volume fraction across the length.

The enclosed angle measurements showed that in this particular case for
AS4/3501-6 material, the ’spring in’ was less than 1 degree. This can be referred to

mainly two reasons: (1) The relatively thin laminate being processed, (2) The type
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of releasing film used for the mold (Teflon). Johnston et al [35] showed that increas-
ing part thickness and decreasing surface friction tends to decrease the ’spring in’
angle.

The corner strength experiment showed that sample preparation, and process-
ing parameters (curing cycle) have a strong effect on the mechanical properties of
the final composite part which cannot be neglected.

The DEA analysis showed that in—situ monitoring of the curing process using
dielectrometry can sense the end of the cure. The remote sensor used in collecting
the data is not limited by thickness and is not susceptible to electro-magnetic in-
terference and electrical insulation. Dielectrometry possesses a clear potential for
further monitoring the structural integrity of the composite during part qualification

and through its service life.



Chapter 5

Modified Curing Process

5.1 Introduction

Varying temperature, pressure, time and vacuum cycles in the autoclave leads to
different curing processes which will end up with different final part quality: (1)
The degree of cure and the fiber volume fraction affect the mechanical properties
of the final composite part. (2) The pressure distribution affects the compaction
of the laminate and the void formation. (3) Temperature gradients can introduce
residual stresses and strains. (4) Finally, for cost—effective part, the duration of the
processing cycle should be short. This problem has been addressed by many people
especially in the manufacturing of thick parts.

The cure cycle (temperature and pressure) employed during autoclave process-
ing of thermoset matrix composites may be selected by trial and error procedures
or by the use of analytic models. Empirical methods may be acceptable for thin

composites but are impractical for thick parts. For thin as well as thick composites

113
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an appropriate way to establish the cure cycle is by models.

In this chapter, a modified curing process will be developed that minimizes
the spatial variations in thickness and fiber volume fraction along with the gradi-
ents in temperature and degree of cure. Furthermore, the temperature overshoot
experienced in the processing of thick composite parts will be minimized. 2-step
and 3-step curing cycles will be implemented theoretically to study the variations in
thickness and fiber volume fraction of an angle-bend structure made from 50 layers

of graphite/epoxy Hercules AS4/3501-6 prepreg.

5.2 Parametric Study

A parametric study was conducted to obtain the modified curing cycle for a 50
.la.yers angle-bend part that was shown in Figure 4.2. Firstly, a two step curing
cycle was used, and the temperature and viscosity distributions were obtained for
different hold temperatures T} and 7> and hold times ¢; and t; (the ramp rate
was kept constant at 2.5°C/min). Secondly, a three step curing cycle was applied
with different hold temperatures T, T> and T3 and times ¢;, f; and {3. Results
were obtained for temperature, viscosity and thickness variations. Schematics of
the 2-step and 3-step cycles were shown in Figure 4.3.

The simulation model was used to predict the temperature, degree of cure (),
viscosity (,u)'a.nd fiber volume fraction (vy) distribution throughout the laminate.

Temperature and pressure boundary conditions are the same as discussed before.
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Results discussed below are at section 6 and /=1/2 obtained for different 2-step and

3-step cycles. (Refer to Figure 4.11.)

5.2.1 The 2-step cure cycle

1. Effect of Ty:

In Figure 5.1 the ¢;, {; and T5 values were kept constant with 7} value changing.
This figure, which is for ¢, = 60 min, shows that increasing T} from 90°C
to 115°C causes the amount of temperature overshoot at T, to decrease by
0.21%. This means that increasing the holding temperature at 7} leads to a
decrease in temperature overshoot at T5. The second part of this figure shows
the viscosity variation with curing time. Viscosity plays a significant role in
consolidation. The application of pressure should be while the viscosity is
low enough to facilitate processing. Additionally, the resin flow determines
the fiber volume fraction which, in turn, will modify all composite properties
besides the thickness. Hence, for the particular cycle shown in Figure 5.1,
autoclave pressure application should begin 20 minutes after the start of cure

cycle and should last for about 100 minutes.

The effect of T} on the degree of cure (a) variation during cure is shown in
Figure 5.2. It is clear that increasing the first hold temperature will initiate the
cure faster relative to the lower 7. However, the laminate cures completely

at the same time.
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Figure 5.1: The effect of temperature 7; on temperature overshoot and viscosity for

2-step cycles. Figures are for ¢; = 60 min
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Figure 5.2: The effect of temperature T on degree of cure variation for 2-step cycles.
2. Effect of #;:

In Figure 5.3, it is seen that increasing ¢; from 60 to 90 minutes did not
result in a significant change in the amount of temperature overshoot at T3
(-0.03%). However, this increase in ¢; results in an increase in the period of
low viscosity (i) equivalent to 30 minutes (the difference between 60 and 90
minutes). Furthermore, comparing the degree of cure (o) variation during cure
between the two times, Figure 5.4 shows that the laminate cures in a shorter

total time when the intermediate holding time £, is shorter.

3. Effect of T5:

Figure 5.5 shows the variation in temperature and viscosity when ¢, %2 and



CHAPTER 5. MODIFIED CURING PROCESS 118

180 ' e
160} / / i

—— Autoclave
-—--t1=60min
----- t1=90min E

:

-

N

(=}
T

Temperature( C)
8

40

20 -1
0 150 200 250 300
Time(min)

20

18

141

Viscosity (Pa.s)
5 N
T T

(o)
¥

-—--t1=60min
----- t1=90min E

150 200 250 300
Time(min)

Figure 5.3: The effect of time ¢; on temperature overshoot and viscosity for 2—step
cycles. Figures are for T} = 115°C.



CHAPTER 5. MODIFIED CURING PROCESS 119

0.9 ’r 4

Degree of cure
© o o o
n (2] ~ ]
T T ] T
i 1 1 1

o
'S
¥
-~
1

0.3r o /... |
/'/—’
o2t o 4
/ -—-- t1=60min
/225 R t1=90min
0.1 7 4
/
O v/’ 1 1 1 Il 1
o] 50 100 150 200 250 300

Time(min)

Figure 5.4: The effect of time ¢; on degree of cure variation for 2-step cycles.

T: values were kept constant and T, was varied between 165°C and 177°C.
It is shown that increasing T, causes the amount of temperature overshoot to
increase by 0.5%. However, the value of T, has no significant effect on the
viscosity values. On the other hand, comparing the degree of cure variation
a with cure time, shown in Figure 5.6, shows that increasing T shortens the

time to achieve a completely cured laminate.

4. Effect of t5:

From the degree of cure results for the different 2-step cycles discussed above
(Figures 5.2, 5.4 and 5.6), it is clear that the time ¢, should be long enough to

give a completely cured laminate (o = 1). Longer times might be necessary
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Figure 5.6: The effect of temperature T3 on degree of cure variation for 2-step cycles.

when higher operating-temperature part is required [2].

5.2.2 The 3—step cycle

1. Effect of T7:

Figure 5.7 show 3-step curing cycles that have the same holding times (%1,
t2, and t3) and temperatures T3 and T3, but with different 17 values. The
figure shows that increasing 77 from 80°C to 115°C causes the amount of
temperature overshoot at T to decrease (0.25%) while no significant decrease
in this amount is noticed at T3 (0.055%). As for viscosity, different behavior
is noticed for different T}. The period of low viscosity decreased when T} has

increased.
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The effect of T} on « can be seen in Figure 5.8. It is clear that increasing the
first hold temperature did not affect total curing time based on the extent of

cure behavior.
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Figure 5.8: The effect of temperature T} on degree of cure variation for 3—step cycles.

2. Effect of ¢;:

Increasing t; from 60 to 90 minutes can be seen to have no significant decrease
on temperature overshoot at T3 as shown in Figure 5.9 (0.015%). However, its
effect on viscosity is the increase in the period of low u by 30 minutes (as the
case in 2-step cure cycles). Also, in Figure 5.10 is shown the effect of ¢; on
a where increasing t; increases the processing time to get a completely cured

laminate.
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Figure 5.9: The effect of time ¢; on temperature overshoot and viscosity for 3-step
cycles. Figures are for £, = 90 min.
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Figure 5.10: The effect of time ¢; on degree of cure variation for 3-step cycles.

3. Effect of T5:

In Figure 5.11, it is shown that increasing T from 120°C to 150°C, while keep-
ing everything else unchanged, leads to a decrease in temperature overshoot
at T3 by 0.85 %. Also, this increase causes a decrease in the period of low
p by about 100 minutes. The effect on « is shown in Figure 5.12. Clearly,

increasing T, will shorten the processing time to have a=1.

4. Effect of t,:

Figure 5.13 shows that increasing ¢, for 3-step cycles from 60 to 90 minutes
decreases the amount of overshoot in T3 by 0.24%. Its effect on viscosity was

to increase the period of low g by 30 minutes. The resulted « variation is
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Figure 5.11: The effect of temperature T, on temperature overshoot and viscosity
for 3-step cycles. Figures are for ¢; = 90 min.
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Figure 5.12: The effect of temperature 7> on degree of cure variation for 3-step
cycles.

shown in Figure 5.14 where increasing t, increases the processing time.

5. Effect of T3:

Similar to the 2-step curing cycle, Figure 5.15 shows that increasing T3 (the
last hold temperature) from 165°C to 177°C increases the amount of overshoot
by 0.17%. However, this does not affect the period of minimum g where no
difference in the viscosity variation is present as shown in Figure 5.16. As for

the processing time, a reached the value 1 faster when T3 was raised.

5.2.3 Summary

To summarize the above results, we can say that:
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Figure 5.13: The effect of time ¢, on temperature overshoot and viscosity for 3—step
cycles. Figures are for £, = 90 min.
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Figure 5.14: The effect of time ¢, on degree of cure variation for 3-step cycles.

o Increasing the first holding time in any cycle will result in an increase in the
period of low p. This will permit the consolidation of the fibers and the
elimination of excess resin early in the curing process. On the other hand,

increasing successive holding times will prolong the consolidation process.

e Decreasing the difference between any two successive holding temperatures
decreases the amount of temperature overshoot in the subsequent hold and

hence eliminates the risk of matrix degradation.

e It was noted that the last holding time (f, for 2-step cycle and ¢3 for 3-step
cycle) has no effect on the final part thickness, although it has a significant

effect on the temperature overshoot and the duration to completion of the
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chemical reaction (& = 1).
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5.3 Modifications on The Curing Process

Following the 2-step and 3-step recommended curing cycles was shown to result in a
fiber volume fraction and thickness variation along the part length (previous chap-
ter). Also, the results outlined above show that following the recommended curing
cycle for thick angle-bend composites leads to spatial variations in fiber volume
fraction and thickness, and hence affects the final quality of the part. Furthermore,
the temperature overshoots experienced here could lead to matrix degradation if the

maximum temperature exceeds a certain limit (180°C by Loos and Springer [4]).

5.3.1 Temperature overshoot

Following the procedure outlined by Kim and Lee [33], temperature overshoot can
be reduced through steps of cooling and reheating. Setting a maximum temperature
limit for temperature overshoot, the cooling step can start before the time at which
this temperature is reached. Once the laminate temperature decreases to the holding
one, then cooling step ends and reheating starts up until the end of the holding time.
However, the resulting cure cycle will differ from one part to another depending
on the composite thickness. Alternatively, since the last holding temperature, in
our case, is below 180°C which iIs the maximum temperature arbitrarily chosen
by Loos and Springer [4] for AS4/3501-6 composites, then after holding the part at
temperature T3 (in the 2—step cycle) or T> (in the 3-step cycle) the part temperature

can be increased to T¢ (just below the maximum temperature, for example 177°C)
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after which it is decreased at the same rate (2 ~ 2.5 0 C/min) to the last holding
temperature and kept there until the end of cure. The final modified cycle looks like
the cycles shown in Figure 5.17 for both 2-step and 3-step cycles.

In Figures 5.18 and 5.19, the simulation results obtained by applying the mod-
ified 2- and 3-step cycles to thick angle-bend composite processing are presented.
It is clear that the temperature overshoot was controlled and did not exceed the

maximuin one.

5.3.2 Thickness and fiber volume fraction variation

To get a final part that has a consistent quality in terms of thickness and vy distri-
bution, the curing process itself should be altered. Reference [72] was the only one
that mentioned how they controlled the fabrication conditions to achieve ”uniform
nominal thickness” in the corner of a flange-web. The material was AS4/5250-3
(graphite/BMI) biwoven cloth. When laminates were manufactured with a female
tool and pressure bagged on the inner radius, high level of "manufacturing and
processing” porosity was detected in their corner. When the specimens were manu-
factured using hard tools on both sides, uniform thickness in the corner was obtained
and controlled conditions allowed no porosity in the corner. Although this method
may be able of producing uniform thickness, nothing was mentioned about the qual-
ity in terms of uniform v; and no fiber wrinkling or waveness. Also, introducing a
hard tool on the both laminate sides affects the heat transfer process and hence the

temperature distribution during cure.
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In our case, since the lowest v; value is present at the curved bend adjacent to
the mold surface, then inserting a bleeder layer between the mold and the composite
part prior to processing will allow resin to escape at that surface and hence increase
the vy value. Consequently, this will result into a lower variation in thickness from
section to section. (This case will be referred to as Case(I).)

Alternatively, referring to the results of processing curved parts obtained in the
previous chapter (shown again in Figure 5.20), adjusting the number of perforated
release films on the upper surface will allow controlling the amount of resin flow out
of the part. (This case will be referred to as Case(II).) This will produce a uniform
thickness but will not give a uniform v; distribution. (This case will be referred to
as Case(II).)

To simulate the presence of the lower bleeder layers, (F.).;; was set equal
to 0.1 instead of letting % = 0. Figure 5.21 shows the model results of applying
this pressure boundary on the bottom surface Case(I). As shown, the thickness
variation was controlled and kept to a negligible value. Also, as anticipated, the vy

variation was zero for Case(I) (vs =~ 68%) as shown in Figure 5.22.

5.3.3 Limitations

The computer code was tested for laminates that are more than 50 layers in thickness
and that are processed using the modified curing process Case (I). The results for
temperature variation are shown in Figure 5.23 and those for thickness variation are

shown in Figure 5.24 (both are for the 2-step curing process). Manufacturing a 100
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Figure 5.20: Thickness variation along curved parts processed with the recom-
mended 2-step and 3-step cure cycles.
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Figure 5.21: Thickness variation along the curved part for Case (I).
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Figure 5.22: Fiber volume fraction distribution across the thickness obtained for the
modified 2-step curing process, Case(I).
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layers thick laminate was noted to result in 2.7% temperature overshoot and 2.1%
variation in final laminate thickness. These results show the limitations of using the
modified curing process for processing thicker laminates where higher temperature

overshoots are encountered and larger thickness variations are faced.
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Figure 5.23: Temperature variation for laminates of different thicknesses processed
with the modified cure process Case(I).

5.4 Comparison with Experiment

Experiments were done in order to investigate the modified cure process suggested
above. A 50 layers sample was prepared from Hercules AS4/3501-6 prepreg and
cured using the 2-step modified curing process. Two (2) perforated release films

were laid at the top surface of the laminate. Two bleeder layers were laid at the



CHAPTER 5. MODIFIED CURING PROCESS 141

16 ¥ L] L] L S i T L] L]
151 5
T > > I * e
14} .
13F 4
E12F _
E
2
Q 11" . ]
5 _____________________________________________________
K]
£ 10 ]
g X 100 layers |
-—--75 layers
s+ 50 layers |
7+ 4
6 1 1 L L 1 1 11 L
0 10 20 30 40 50 60 70 80 90
é(°)

Figure 5.24: Thickness variation for laminates of different thicknesses processed with
the modified cure process Case(I).
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top surface of the mold (under the laminate) as shown in Figure 5.25. One covers
the mold surface from ¢ = 200 to ¢ = 700, and the other one covers the whole
mold surface. Two sensors (one is a thermocouple and the other is a DEA sensor)
were embedded in the laminate at the curved bend at /=1 and /=1/2 (also shown in
Figure 5.25). The sensor at [=1/2 was attached to a DEA Instrument to monitor
the electrical behavior of the laminate with time. A photo of the part is shown in
Figure 5.26.

Model and experimental results for temperature measurements at top (/=1)
and middle (/=1/2) points are shown in Figure 5.27. The predicted temperatures
are in good agreement with measured ones with higher differences at the start of
the first hold period. The peak temperatures at second hold period are almost the
same for both model and experiment.

The final thickness after curing was 7mm as shown in Figure 5.28 (maximum
1% difference). The laminate was cut and prepared for microscopic inspection. The
photomicrographs at different sections and locations across the thickness are shown
in Figures 5.29 and 5.30. From the cross-section examination (and as seen in these
photos), fibers were uniformly distributed throughout the thickness. Using area
method, the fiber volume fraction vy was measured and found to be in the range
between 64.0% and 65.3% all over the laminate. In Figure 5.31, vy at different
sections is plotted against L

It was noted that the surface finish of the bottom surface obtained using this

modified process has a different appearance than that obtained without utilizing
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Figure 5.25: Schematic drawing showing the location of the temperature and DEA
sensors used in the experiment.
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Figure 5.26: Photo shows the part processed with the 2—step modified process.
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Figure 5.27: Temperature variation with time obtained from experiment and model

for section 6.
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Figure 5.28: Thickness variation along the laminate length obtained from the 2-step
modified cure process Case(I).

a bleeder layer at the mold surface. The surface with inner bleeder layer was not
smooth and shiny as shown in the photo shown in Figure 5.32. Hence, on one hand,
incorporating a bleeder layer at the lower surface of the laminate would produce a
high quality part in terms of uniform thickness and fiber volume fraction distribu-
tion. On the other hand, a sacrifice is made on the appearance of the surface finish

of the bottom surface.

5.5 Corner Strength

The same setup shown in Figure 4.34 was used to measure the corner strength in

terms of opening it. In Figure 5.33, the load displacement curve for the sample



CHAPTER 5. MODIFIED CURING PROCESS 147

(a) section 2 at [=1/2 (b) section 4 at =1/2

(c) section 2’ at I=1/2 (d) section 4’ at I=1/2

Figure 5.29: Cross—section photomicrographs (600X) obtained for the sample cured
with the 2-step modified curing process.
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(2) section 6 at /=0

(b) section 6 at I=1/2

(c) section 6 at =1

Figure 5.30: More cross-section photomicrographs (600X obtained for the sample
cured with the 2-step modified curing process.
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Figure 5.31: vy variation across the thickness obtained from experiment for the
2-step modified process.

Figure 5.32: Photo shows the difference in surface texture obtained utilizing the con-
ventional processing method (upper part) and utilizing the modified curing process
(lower part).
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shows a linear increase in load up to a point where it continues to increase but at a

lower rate. Also, Figure 5.34 shows the location of the initial crack. Table 5.1 lists
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Figure 5.33: Load-Displacement curve for the sample manufactured using the mod-
ified curing process.

the data obtained from this experiment and previous experiments.

Sample A F c Slope ) d ly
# mm? | (N) | (N/mm?) | (N/mm) | (N) | (mm)
2 173.4 | 1061 5.98 272 180 421 | 0.40
3 141.5 923 6.77 233 194 431 | 0.35
4 164.0 | 1600 9.76 254 49 7.28 | 0.65
5 139.5 | 1075 8.44 202 - 5.88 | 0.81
Modified | 129.5 | 2640 20.38 226 1335 | 15.0 | 0.44

Table 5.1: Load-displacement results for the sample processed using the modified
curing process and samples processed using the recommended curing cycles.

Results for the sample processed using the modified one show enhanced prop-

erties in terms of load and displacement at failure. These high values of maximum
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0.437

Figure 5.34: Location of fracture initiation in the strength experiment.

load and displacement up to initial failure were obtained as a result of not having
any premature crack before the major delamination initiation site that was shown
in Figure 5.34. After this point, the load dropped dramatically (compared to other
samples) with large § value. For the other samples, there were matrix premature
failures at resin-rich areas before the major one occurred. This behavior for the
modified sample was expected since the modified process produced a part that has

a uniform thickness and fiber volume fraction.

5.6 Degree of Cure

Following the same proceedure as was done in section 4.5, the cure indez was gen-
erated and compared to a. The log(conductivity) variation with time is shown in
Figure 5.35, and its variation with temperature is shown in Figure 5.36. As men-

tioned before, the ionic conductivity is a direct measure of the mobility of particles
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in the medium. Figure 5.35 shows a similar behavior as that disscussed in sec-
tion 4.5. From these data, the following 0% and 100% temperature dependencies

were estimated:

0%  (un—cured): LC =0.0284 T + 3.1767

(5.1)
100% (cured) : LC =0.094 « T — 0.9801
Hence, the cure index can be calculated from:
LC — (0.0284 + T + 3.1767)
C Ind = 4]
Hre X = 0,004« T — 0.9801) — (0.0284 T + 3.1767) (5.2)

Figure 5.37 shows the cure index and the degree of cure obtained from simulation.
It shows that experiment and simulation compare well at the start of cure but are

different at the end.

5.7 Conclusions

This chapter demonstrated modification of the curing process to get a good quality
part. This includes control of the temperature peak exotherm, uniform thickness
distribution and uniform v; distribution. Temperature exotherm was controlled by
modifying the curing process through decreasing the last hold temperature after the
maximum temperature has been reached. Furthermore, thickness variations over
the part length were negligible and a uniform thickness was obtained. This was
possible through modifying the curing process by incorporating bleeder layers at

the lower surface between the mold and the sample. This extra layer was able to
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Figure 5.35: log(Conductivity) vs time obtained from experimental results for the
modified curing process.
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Figure 5.36: log(Conductivity) vs temperature obtained from experimental results
for the modified curing process.
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Figure 5.37: Cure Index and degree of cure vs time.

absorb the resin and hence decreasing the thickness and increasing the fiber volume
fraction. However, the surface finish was not of the same appearance as that of a
part processed without this extra layer.

Manufacturing a composite part with minimum variations in thickness and
fiber volume fraction showed that mechanical strength was also enhanced. This
achievement was on the bases of getting very high values of load and displacement
up to the initial matrix failure. Furthermore, no premature cracks were observed

before the major delamination initiation site.



Chapter 6

Conclusions and Contributions

The fundamental objective of the present work was to develop a method for man-
ufacturing good composite curved parts. First, the investigation of the problems
associated with manufacturing thick curved thermoset composite parts following the
manufacturers recommended curing cycles was done. A two—dimensional anisotropic
cure simulation code was developed to assist in predicting the thermal, chemical and
flow behavior of the part through the different models that govern composites pro-
cessing. A generalized boundary condition formulation for both temperature and
pressure was found to help identifying the effect of tool and different bagging mate-
rials on the curing process. Further, this generalized formulation helped in reducing
computational time and effort by replacing tool and bagging material modeling with
one generalized boundary condition.

The general model consists of (1) thermal analysis to determine the time de-

pendent temperature distribution over the cross—sectional area of the laminate, and

155
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(2) resin flow analysis to predict the fiber volume fraction distribution and the final
laminate thickness over the laminate length. Both analysis were solved simultane-
ously at every instant to obtain the different parameters during the cure process. To
enable dealing with irregular geometries, the boundary fitted coordinate technique
was utilized. Also, finite difference method was used to solve the resulted governing

equations.

6.1 General Findings

o Curing of thick thermosetting composites with angle-bend was done following
the recommended 2-step and 3-step curing cycles. The samples obtained
were examined to investigate the part quality in terms of fiber volume fraction
distribution across the thickness, and also in terms of the thickness variation
along the laminate length. The results showed that resin flow out of the
laminate was non~uniform resulting in a non-uniform fiber volume fraction
distribution. Also, thickness variation over the laminate length was observed

where thickness was greater at the bend than the straight edges.

e Results also showed that the final quality was strongly affected by the process-
ing parameters (cure cycle temperature and time) and processing procedure
(lay-up sequence). Restricting the resin flow out of the laminate was shown
to have more effect on the part quality than the processing parameters them-

selves. When no restriction was imposed on resin flow, the effect of processing
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parameters was more pronounced.

e Based on the experimental and theoretical results, a modified curing process
was suggested and tested. The experiment was done and the results were
satisfactory. The part processed with this modified cycle was in good quality
in terms of having uniform fiber distribution over the laminate cross-section,
and in terms of having uniform thickness along the laminate length. This
success was a result of accurately modeling the boundary conditions related

to resin flow and pressure build-up.

e The angle enclosed in the curved parts was measured and compared to the
angle of the tool. A difference was observed due to the ’Spring In’ effect
induced by the difference in thermal expansion between in-plane and out—of-
plane coefficients. The maximum difference was 0.86%. This low value was
referred to the type of tooling, release film used, and due to the fact that the
application of autoclave pressure was continued even after the curing cycle has

finished which acted as a stress relief agent.

e Corner strength experiments were conducted to investigate the effect of differ-
ent curing processes on the opening strength of the curved laminates. Indeed,
there was a big difference in strength and displacement values between the
samples since their processing conditions were different. These values were
maximum when a good quality part was obtained through the modified curing

process.
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6.2 Contributions

e A new modified curing process has been developed to manufacture good quality
composite parts with angle bend. This was done successfully through the
simulation and through the experiment. The part obtained was of a uniform

thickness and uniform fiber volume fraction.

e The temperature overshoot associated with processing thick composite lami-
nates was minimized by following a modified curing cycle. The last holding
temperature in this cycle is done after increasing the cycle temperature to one
that is below the maximum recommended temperature and then decreasing it

to the holding temperature at the recommended rate.

e The development of a generalized pressure boundary condition to quantify the
resin flow out of the laminate was done. This was necessa.fy to overcome the
difficulty in modeling the resin flow through the peel, bleeder and other lay-
ers. A flow coefficient that accounts for the flow resistance associated with the
different bagging materials was defined. The resulted generalized boundary
condition form was analogous to that used for temperature boundary condi-
tion formulation. This form is practical in the way it is easy to apply numeri-
cally (only coefficients a, b and ¢ have to be manipulated), and more realistic
boundary conditions can be simulated. The generalized pressure boundary
condition was easily imposed on the numerical code where experimental cases

were tested. Experiments with different processing parameters were conducted
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and results were compared. In doing so, the experimental work was in a good

agreement with simulation results.

e The thickness and fiber volume fraction variations obtained for parts processed
following the recommended curing cycles were eliminated by incorporating a
bleeder cloth between the laminate and mold surfaces. The resulted laminate
was of uniform thickness and uniform fiber volume fraction. Also, the corner

strength was much higher than that obtained for the other laminates.

6.3 Recommendations for Future Work

It would be of great interest to implement the proposed procedure in processing
parts with thickness variations, and to investigate the effect of fiber orientation and
laminate sequence on the final thickness and fiber volume fraction of the part.

The implication of the pressure boundary condition can be extended to lam-
inates of variable geometries such as the ply-drop geometry, where resin flow from
one side can vary due to the difference in laminate thickness.

More comprehensive study is required to investigate the development of ther-
mal stresses induced by processing parameters. Also, stress relieving techniques
should be investigated to minimize the ’Spring In’ effect experienced in curved lam-

inates.
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Numerical Equation

Representation

A.1 Laplacian Equations

The finite difference equations representing equation 3.2 for z and z are as follows:

©i; [Tiv1,; — 2zi 5 + Tie1,j)
—2,31’,_7' [$i+1.j+1 — Tig1,5-1 — Ti-1,5+1 T 3:’—1,1’—1] (A-l)

+05 [Zie1 — 2705 + Tij1] =0

and
©ij [Ziv1s — 2205 + zi-1,5]
—2ﬁi,j [3i+1,j+1 — Zi1,j-1 — Fi-15+1 T zz'—l.j—l] (A-Q)
+9i [zig41 — 2205 + 2i,5-1] =0

where
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Pi; = :(z_x.li_" J l’z‘zi.,i—l )2 + (Zi‘l'il;'zill'-l )2T
Bij = :($£+1,j—2-z:.-_.u) (zi)ﬂl;zi'j-l) + (-""'H.J;Z.'_x,j) (:-‘,1-&-1;:.‘,;’-1 )] (A.3)
Yij = :(xiil,i;r-’—x‘z‘ )2 + (zi+1‘i;2;-1 z~)2:

A.2 Cross-derivatives

The cross-derivatives necessary for obtaining the partial derivatives of the governing

equations are:

% — 1 = 89z 4 585z
3¢ — t T 8z 9 " 8z dk (A.4)
3 _ 0 BEdx 9€ 9=z .
E=0=3E+55
from which we get:
1 9z 9z 8¢
_ | ¢ @ oz
0 9z 2z 8¢
8n On 3z
Upon inversion, this equation becomes:
8 2z _ 9z
oz | _ 1| an 3¢ 1 (A.5)
2 J| _8z oz 0 o
8z an a¢

In a similar way, the derivatives of  with respect to £ and =z are obtained. Namely:
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where

J = z,Te — zexy

The results of equations A.5 and A.6 are summarized below:

o
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Appendix B

Heat and Flow Equations

The transformation of the first term of equation 2.1 is done as follows:

32T 3 . 8T
kool = £ (ke®E)
— 9L [iiﬂ. + iﬂ.ﬂ]
— 8z "VTT |9z 8¢ 8z 87
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— 8T J | 9n 3¢ 9€ 9n
sco (B3 . mo (-5
— I o a8 91 8
- L'xz [83:86 ( J ) + 9z dn J )] (Bl)
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Also, the second term is transformed as follows:
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=% 3¢ 8 [ 558 8¢ Bn _*__a_ﬂi &n 96 _ 8¢ by
“Fz= | 3-5¢ J 3z 3n
=2k-[£(82:_81 g_—_a2T_a2z_a__§_:,a2T) B.2
"7 o \3eanoe T anoer ~ 22 om gon (B-2)
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Finally, the third term in equation is transformed as:

. 9T 81 (9aT 3_71§I.]
Lzz az2 B:L'zz [6: o€ + 8z 3n

%2 (_'J_ﬁ_f_an._a__"_ —) +o12 -8—’%’3+3—’Q)]
B.3
92z 8T __ 9z 82T , 92z 8T (B-3)

=7 [_% (—86311 96 " onoe2 T oe an T ae )
X

dz (_ 8z 8T , 2z 3T\ (3J/8¢ 8z (__8zdT | 8z 38T\ (—8J/8n
+ 82 ( 3n8€+8£8n)( 7 )'*' + )(_L)]

Combining equations B.1, B.2 and B.3 the following is obtained:

é*T o*T 8T oT T .
5—§;+Az——2—+A3—+A4a—+As—+q=pcua—T (B.4)

A1 on dEdn 3 dn ot

where,
N 2 A - A
AI = (l":cr"r, - 2’\._—,_.2.’13,747, + l\‘::lfz;)/Jz

Ay = (kezzf — 2keazeze + keaxf) [ J?
As = [—2kerzn2e — 2koTeTn + 2kzo(2Te2n + T42¢)] /T (B.5)
Ay = (keCy + beCp + 2%0aCs) [ 2
As = (kzzCa + k22Cs + 2k.:Ce) [/ J*
with the C; coefficients given by:
C1 = 2q2gq — 2¢2qm + (2n2edy — 23Je) [T
Co = TnZen — TeTn + (TnTeJy — z5Je)/J

Cs = ZgnTe — ZenTn + (Tn2nJe — TeznJy)/J

(B.6)
Cs = z¢2en — Zeezn + (2nzede — 24 )/ J
Cs = TeTen — TeeTn + (TnTeJe — 23 J5)/J
Ce = Tyzee — Tezen + (2nTedn — Tozede)[J
The corresponding Jacobians appearing in the C; expressions are given by:
Je = 2nTee + 2enTe — TenZe — ZgeTn (B.7)

Jn = Z9Ten + ZnnTe — TnnZe — 2enTy



APPENDIX B. HEAT AND FLOW EQUATIONS

165

In the same way, the resin flow equation 2.3 is transformed, and the result is:

a9*pP %P %P oP 0P gP

B, + B2~ +33—-+B4——+Bs—=#mua—

ag? on 0€0n o€ on t

where,
By = (Szz2? — 2Sz:Tnzy + Szz22)/J?
By = (Szzzf — 28z:Teze + Sz2z2)/J?
B3 = [—2S,rzpz¢ — 252276y + 2Sz2(Tezy + Tze)] /T2
By = (S5:2C1 + S::Co + 25..C3)/ J*?

BS d (S:zz:c4 + SzzCS + 28. _-_Cs)/.]z

(B.8)

(B.9)



Appendix C

Normal vectors for curvilinear

cells:

The normal vector for a curvilinear cell shown in Figure C.1 according to Traf-

ford [65] is:
of .
B Vf.n (C.1)
where the normal vectors are defined as:
g = 50
7’:L('i'ﬂ) == J\/—; 2 (C 9)
R(-g = Ll
and
— {8z 2 9z 2
p=(£) + (%)
__ (8z\? az\?
7= ae) (a—e)
Since the gradient of f is
1
= (C.3)

Vf= [(f&yn _fnyf)z"'(fnzf -ffz”)j] J
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where

" agn)

Vo
DT e
n(—n) \

g

Figure C.1: Normal vectors on the different faces.

J = zyTe — 2¢Ty

then the normal gradient for each side of the curvilinear cell would be:

o = ﬂ%& on the (+£)face
8f = taBle  op the (+n)face

an = "I A
& = ———iﬁf;\_/%f on the (—¢&)face
ol = ﬂj&—;f—" on the (—n)face
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(C-4)

Since these derivatives occur at the boundaries, then they are represented by one-

sided differences.



Appendix D

Hercules 3501-6 Epoxy Resin

D.1 Introduction

Epoxies are the structures characterized by the presence of the epoxide group:

This epoxide qroup is a 3~membered cyclic ether which is reactive with a wide
variety of reagents. Epoxy resins are characterized by good mechanical strength,
chemical resistance, and electrical properties. Epoxy use in composites is domi-
nated by prepregs, printed circuit board, and filament winding applications, which
accounts for 80% of composite usage [73]. In curing epoxy resins, three main groups

are used. These include: amines, anhydrides and catalytic curing agents.
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D.2 Hercules 3501-6

The composition of Hercules 3501-6 resin is given in tableD.1 [73].

Epoxide No. 1 (H) 100

Curing Agent (DDS) 44

Epoxide No. 2 (H) 16
Epoxide No. 3 (H) 15
BF; 2

Table D.1: The composition of Hercules 3501-6 resin. Ammounts are in parts per
hundred.

The base resin for Hercules 3501-6 is the TGMDA (tetraglycidyle methelene
dianilyne) resin known as Ciba-Geigy MY-720. It’s composition is shown in Fig-
ure D.1. The DDS (diamino—-diphenyl sulfone) curing agent is an aromatic amine
that requires elevated temperature for complete cures. It’s structure is shown in
Figure D.2. The lewis acid BF3 is a catalytic agent used to promote epoxy ho-
mopolymerization to achieve full cure. The cure chemistry of the amine-epoxy

reaction is shown in Figure D.3.
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Figure D.1: Ciba-Geigy MY-720.

Figure D.2: DDS Curing agent.
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Figure D.3: Amine-epoxy reaction.
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Appendix E

TA Instruments Dielectric

Analyzer

E.1 Technical Specifications

The following tables contain the technical specifications for the Dielectric Analyzer,

such as measurement ranges, sampling system, and physical specifications.

E.2 TA Instruments Thermal Analyst Controller

The controller is a computer that performs the following functions:

e Allows operator interface with and control of the system
e Stores experimental data

e Runs data analysis programs.
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Frequency range 0.003 Hz to 100 kHz

Maximum number of frequencies
scanned per experiment 28

Temperature range for
Rermote single surface sensor —100°C to 230°C

Applied voltage 1 volt

Phase angle accuracy at 1 kHz 10 radians

Tan & sensitivity at 1 kHz 1x1074
Dielectric constant sensitivity
at 1 kHz 0.01
Dielectric constant range 1 to 10°
Loss factor range 0 to 108

Tonic conductivity range 107 to 10!° pmhos/cm

Table E.1: Measurement Ranges

Dimensions Remote single surface
Length 3.8 mm
Width 2.5 mm

Minimum Thickness 0.013 mm
Maximum Thickness no limit

Table E.2: Sampling System

Dimensions (A X w X d)
Weight

Power requirements

21" x 23" x 17"
70 pounds
115V 50/60 Hz

Table E.3: Physical Specifications of the TA instrument
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All TA Instruments computer—based thermal analysis controllers have three
components: Monitor, Keyboard, and System unit. The DEA executes experiments
under the direction of the controller.

The Remote Single Surface Mode is used for surface property evaluations and
curing experiments. In addition, because of its flexible design and ribbon-cable
leads, it can be embedded in a sample of any size for product development. Ap-
plications include monitoring dielectric properties of a polymer during molding, or
while exposed to adverse environments such as solvents or ultra-violet light. It is
also possible to embed the sensor in full-sized prototype products during develop-
ment for long-term test of end—use performance or stability and heat history during
storage. In this mode, the sample is returned periodically to the instrument for
evaluation.

The remote sensor uses co—planar interdigitated—comb electrode array vapor—
deposited on a silicon substrate supported by a carrier of polyimide film and con-
nected to conductors in the ribbon cable. The connector end of the ribbon cable
is plugged into an interface box, which is connected to the front of the module.
The flexibility of the cable and small sensor size, together with the use of a single
amplifier in the integrated circuit adjacent to the sensor array, allows the sensor to
monitor a sample up to 10 feet away from the instrument. Sample temperature is
measured by a thermal diode adjacent to the sensing array. e’ and e” are calculated

from the current and phase data using a calibration table stored in module memory.
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