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ABSTRACT

To ensure successful application of composite structure for aerospace vehicles, it is necessary to
develop material systems that meet a variety of requirements. The industry has recently
developed a number of low-viscosity epoxy resins to meet the processing requirements
associated with vacuum assisted resin transfer molding (VARTM) of aerospace components. The
curing kinetics and viscosity of two of these resins, an amine-cured epoxy system, Applied
Poleramic, Inc. VR-56-4 ', and an anhydride-cured epoxy system, A.T.A.R.D. Laboratories SI-
ZG-5A, have been characterized for application in the VARTM process. Simulations were
carried out using the process model, COMPRO®, to examine heat transfer, curing kinetics and
viscosity for different panel thicknesses and cure cycles. Results of these simulations indicate
that the two resins have significantly different curing behaviors and flow characteristics.
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1.0 INTRODUCTION

The VARTM process has been developed over the last ten years for application in both
commercial and military, ground-based and marine composite structures [1-3]. The process has
advantages over conventional RTM because it eliminates the costs associated with matched-
metal mold making and volatiles emission, while allowing low injection pressures [4].

In the VARTM process, the resin is injected through a single or multiple inlet ports depending
upon part size and shape. A vacuum port allows the fiber preform to be evacuated prior to
injection and provides the mechanism for transfer of the resin into the part. In addition to the
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pressure gradient caused by the vacuum pressure, gravity and capillary flow effects must be
considered [5]. The preform infiltration time is a function of the resin viscosity, the preform
permeability and the applied pressure gradient. The infiltration time can be greatly reduced by
utilizing a distribution medium with a higher permeability than the preform [6,7]. Consequently,
the resin flows in the medium first and then the infiltration process continues through the
preform thickness.

Recently, low viscosity VARTM epoxy resins have been developed by industry to meet the
requirements for aerospace structure. As part of the NASA effort to further develop the VARTM
process, several of these resins are being characterized and selected for use [8]. In addition to
the required strength and durability of the polymer matrix, properties that govern the processing
characteristics must be considered. A combination of experiments and process models have been
used to characterize these resin systems and determine the influence of a larger number of
polymer properties on final part quality. Further material development and characterization
efforts can then be focused on the most important parameters for a given application.

In the present work, the cure kinetics and viscosity of two chemically different VARTM epoxy
resin systems are characterized. The resins selected for this work were SI-ZG-5A, a
commercially available anhydride-cure epoxy blend VARTM resin developed at A.T.A.R.D
Laboratories and an experimental amine-cure epoxy blend VARTM resin developed at Applied
Poleramic, Inc. A process model was used to study and compare the resin curing behavior for
different process cycles and panel thicknesses.

2.0 BACKGROUND

The crosslinked polymer epoxy is derived from reactions of the epoxy group, or epoxide, shown
in Equation 2.1 below.
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Most commercial epoxy resins are synthesized from the reaction of two or more moles of
epichlorhydrin and one mole of bisphenol A [9]. This results in the uncrosslinked resin
diglycidyl ether of bisphenol A (DGEBA) shown in Equation 2.2 with the epoxide group at each
end. With n=1, this is the most basic form of liquid epoxy resin.
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The functionality and reactivity of the epoxy resin molecule is, in part, dictated by the
epichlorhydrin monomer, which can have two or more epoxide groups at varying locations
depending on its prior reaction with a variety of hydroxy, carboxy and amino compounds.



The resulting epoxy resin can then be reacted with a curing agent to form a solid crosslinked
epoxy network. Several basic types may be chosen according to factors such as the steric nature
and functionality of the epoxy resin as well as the desired mechanical and thermal properties of
the cured epoxy [10]. Of interest here are the amine and anhydride type curing agents.

Aromatic primary amines such as m-Phenylenediamine (m-PDA) require the presence of a
hydrogen donor compound such as a hydroxyl group(benzene, acetone, water) in order to react
with the epoxy ring. Equation 2.3 shows the addition-reaction of a primary amine (RNH;) with
the epoxy ring, where, for m-PDA, R = H;NC¢Ha.
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When this occurs, the initial reaction product is a hydroxyl and a secondary amine (RNH). The
secondary amine and the hydroxyl can then open the epoxy ring of another DGEBA molecule
creating a crosslink between the two as shown in Equation 2.4, where R=C¢H,4. This reaction
continues throughout the bulk of the epoxy resin/curing agent mixture with the primary amines
usually reacting twice as quickly with the DGEBA molecules as the secondary amines react [9].
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This reaction results in a tertiary amine. The resulting tertiary amine in this case usually lacks the
reactivity to continue catalytic activity.  Some secondary aromatic amines such as
diethanolamine and also tertiary amines such as dimethylethanolamine and diethylethanolamine
can be introduced to the epoxy resin to act as the sole curing agent [9]. The tertiary amine is an
organic base containing an atom with an unpaired electron in its outer orbital. In this case, the
tertiary amine approaches one of the carbon atoms of the epoxide group and, in the presence of a
hydroxyl group, bonds to the oxygen atom of the epoxy. From this an anion is generated, which
is capable of opening a second epoxy ring and, thus continues the crosslink reaction.

The other epoxy system investigated uses anhydride curing agents. Cyclic anhydrides, such as
the aromatic phthalic anhydride (PA), will not react directly with the epoxide group. The
anhydride ring must first be opened by active hydrogen present as water, hydroxyls, or a Lewis
base. The addition of a hydroxyl group to the PA compound, shown in Equation 2.5 with R=
~CH,-CH-CHj~, results in the organic acid carboxyl group which can then react with the
DGEBA molecule.
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The crosslinking epoxy reaction is quite complex involving addition esterification with the
formed carboxyl group and/or by condensation reactions of pendant hydroxyl groups [9]. The
un-catalyzed epoxy-carboxyl reaction shown in Equation 2.6 will occur slowly without the
presence of proton donors [11].
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The final crosslinked, phthalic anhydride-cured epoxy is shown in simplified form in Equation
2.7, where R=CgHy.
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Some generalizations have been made in the literature regarding the comparison of amine-cured
versus anhydride-cured epoxies [9] and [11]. The amines are more toxic causing skin and
respiratory irritation, however, this can be alleviated if the amines are used in the form of
adducts. The stoichiometric ratio of the epoxy/amine reaction requires careful measurement of
the epoxy resin and curing agent. The aromatic amines offer superior resistance to chemical
attack. Anhydrides reportedly give lower exotherms during cure and generally provide better
thermal stability and electrical insulation. The majority of anhydride-cured epoxies are more
brittle than the amine-cured. Toughening with flexibilizers generally results in lowered heat
resistance.

Both the amine-cured epoxy VR-56 and the anhydride-cured epoxy SI-ZG-5A are proprietary
blends of several different epoxy resins and several different amine and anhydride curing agents,
respectively. The epoxy resins present in these blends may have different functionalities and
reactivities and the curing agents may be present in liquid eutectics and adducts. Cure kinetics
characterization can be difficult due to the complex and proprietary nature of these blended
resins. In addition, the generalizations found in the literature may or may not be relevant.



3.0 MATRIX CHARACTERIZATION

Accurate prediction of many of the key material properties required in composites process
models such as resin viscosity, modulus development and cure shrinkage depend on an accurate
knowledge of the cure state of the resin during processing. Furthermore, an understanding of
resin viscosity behavior is also required to predict the flow of resin during VARTM infiltration.
Cure kinetics and viscosity models are obtained for the resin using a combination of isothermal
and dynamic differential scanning calorimeter (DSC) and parallel-plate rheometer scans,
respectively.

3.1 Cure kinetics model All tests were preformed on a Shimadzu DSC-50 differential scanning
calorimeter. The total heat of reaction (Hg) was measured from dynamic scans at 1.1°C/minute
from room temperature up to 250°C. The isothermal tests were performed at temperatures
ranging from 60°C to 140°C. In these tests, the specimens were dropped into a DSC cell that
had been heated to the desired temperature. The specimens were maintained and scanned at these
temperatures for up to 12 hours, and then rapidly cooled. The isothermal tests were followed by
a dynamic scan at 1.1°C/minute to measure the residual heat of reaction.

Raw data from the DSC experiments consisted of measurements of heat flow and total resin heat
of reaction as calculated by the apparatus software. From the heat flow curves obtained from the
dynamic runs (Figure 1), Hy for the anhydride-cured SI-ZG-5A and the amine-cured VR-56-4
were determined to be almost identical: 350 kJ/kg and 353 kl/kg, respectively. However, the
peak shape and location for each resin system was different. The peak for SI-ZG-5A occurred at
a lower temperature (112°C) compared to VR-56-4 (120°C). Furthermore, the width of the
exothermic peak was narrower for SI-ZG-5A indicating that the reaction rate was higher
compared to VR-56-4. From the baseline heat flow (g,,.,,.) and the total heat flow, the resin

cure rate was then determined for each epoxy using:

da — (Q‘baseline - qm ) / msample
dt H,(1-a,)
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where, ¢, is the measured heat flow, mmpie i1s the sample mass and ¢ is the starting resin

degree of cure, assumed to be 0.01 in all cases. Resin degree of cure as a function of time was
determined by integrating the calculated cure rate. From Figure 2, two distinct peaks in the VR-
56-4 isothermal curve can be observed. These two peaks were present to some degree in all of
the isothermal scans for this resin.

For SI-ZG-5A, the equation chosen for the cure kinetics model is a modified auto-catalytic
equation, modified to account for a shift from kinetics to diffusion control [8].
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The parameters used to fit this model to the experimental data were developed in a previous
study [8]. In this present work, the parameters were updated to account for long isothermal holds
up to twelve hours.

The cure kinetics for the VR-56-4 was more complex. The two peaks in the isothermal heat flow
curve shown in Figure 2 reveals two separate reactions occurring during cure. It was determined
that the first reaction for 0<0.10 which probably corresponds to the primary amine reaction
discussed in Section 2. Therefore, an n"-order rate equation (Equation 3.3) was used to calculate
do/dt for 0<0.10. For 0>0.10, the modified, auto-catalytic equation (Equation 3.2) is used to
calculate dov/dt.
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The significance of the various terms in Equations 3.2 and 3.3 is presented in Table 1. The
activation energies, AE and AE, were calculated from the slope of the natural logarithm of the
isothermal cure rate, In(do/dt), vs. 1/T at a number of different resin degrees of cure. All other
model constants were determined using a weighted least-squares analysis, using data from both
isothermal and dynamic DSC measurements.

Table 1 Parameters used in SI-ZG-5A and VR-56-4 kinetics model (Equations 3.2 and 3.3).

Parameter Value
SI-ZG-5A VR-56-4

Activation energy AE = 61.0 kJ/gmole AE = 48.8 klJ/gmole
Pre-exponential cure rate coefficient A=4.11x10"/s A=2.46x10" /s
First exponential constant m=0.551 m=0.475
Second exponential constant n=1.00 n=1.09
Diffusion constant C=40 Cc=10
Critical degree of cure at 7= 0°K. Ocy=0.216 Ocy=0.748
Constant accounting for increase in critical | op=1.3x107/K ocr=15.7x10"/K
resin degree of cure with temperature
Activation energy for initial reaction - AE, = 47.2 kJ/gmole
Pre-exponential cure rate coefficient (initial - A,=1.13x10" /s
reaction)
Exponential constant (initial reaction) - n,=1.09

Figure 3 compares the model predictions for the rate of cure versus degree of cure for the 100°C
isothermal hold. The modified catalytic equation is shown to work very well in both cases. For



VR-56-4, the initial reaction occurring at 0:<0.10 is also well captured. Figures 4 and 5 show that
the models provide an excellent fit to the isothermal cure tests at all temperatures examined. In
Figure 4, for VR-56-4 the only discrepancy is found at oo > 0.8 for the 120°C and 140°C case. In
Figure 5, the only discrepancy between the model and the experiments is found for times greater
than twelve hours in the 60°C case.

3.2 Viscosity model A Rheometric Ares System-Five parallel-plate rheometer was used to
measure the neat resin viscosity. The viscosity model constants for both resins were determined
by a series of isothermal cure tests ranging from 60°C to 140°C. Dynamic cures at 1.1°C/minute
and a typical cure cycle test were conducted to validate the models. The samples were sheared
between two 30 mm parallel discs. A dynamic or sinusoidal wave torque signal was applied to
the sample. The frequency of the signal was 100 rad/s at a maximum shear strain of 10%. The
test was stopped when the resin reached its gel point or after twelve hours, whichever came first.
The room temperature viscosity for SI-ZG-5A and the VR-56-4 were measured at 0.32 Pa-s and
0.42 Pa-s, respectively.

The viscosity model [8] used in this study is as follows:
U=A, exp(Eﬂ /RT)[O!g /((xg ) 3.4

where A4,, E,;, A and B are experimentally determined parameters, R is the universal gas constant
and ¢ is the degree of cure at gelation. The slope of a linear regression through the data of Inu
versus 1/7T at low resin degree of cure (0=0) yields the values for E,,. The data from the dynamic
runs at 1.1° C/minute results was used in this calculation for both resins. The gel point degree of
cure (o) was evaluated from the crossover point between the storage and the loss modulus (G’
and G’’). The gel point was 0.60 for SI-ZG-5A and 0.86 for VR-56-4. To evaluate the other
constants, a best fit was done by changing the constants 4, 4 and B to fit the experimental data
from the isothermal and dynamic tests. The best-fit constants are given in Table 2.

Table 2 Parameters used in SI-ZG-5A and VR-56-4 viscosity model (Equation 3.4).

Parameter Value
SI-ZG-5A VR-56-4
Activation energy E, =54803 J/gmole E, =56000 J/gmole
Pre-exponential coefficient A= 8.3x10™"" Pa's A, = 6.5x10"" Pa-s
First exponential constant A=4 A=4.23
Second exponential constant B=6.25 B=0
Degree of cure at gel point o, = 0.60 o, = 0.86

Figure 6 shows the comparison of the model prediction to the experimental data in a typical cure
temperature cycle test for SI-ZG-5A and VR-56-4. In both cases, the models capture the
ambient viscosity, the reduction in viscosity due to temperature increase, and the rapid increase
in viscosity as the resins reach the gel point. Furthermore, for the temperature cycle shown, the



VR-56-4 epoxy is found to have a more gradual increase in viscosity during the 66°C hold. This
resin must be heated to a higher temperature in order to reach gelation.

4.0 CURE SIMULATIONS

The difference in curing behavior between VR-56-4 and SI-ZG-5A for typical VARTM panels
was investigated using the process model COMPRO® [12]. Cure simulations of 5 mm and 25
mm thick panels were performed. The preform characteristics used in the simulations were from
the SAERTEX [13] multi-axial, non-crimp carbon fiber fabric with a stacking sequence of [-
45,45,0,90,0,45,-45], . Two different cure cycles with specifications summarized in Table 3 were
considered. Cycle 1 is the resin manufacturer recommended cycle for SI-ZG-5A, cycle 2 is a
composites manufacturer suggested cure cycle. The cure kinetics and viscosity model developed
in this work for SI-ZG-5A and VR-56-4 were used in the simulations. The panel was assumed to
be fully saturated with resin at a fiber volume fraction of 0.50. Thermal properties for the resin
and the fiber were taken for a typical epoxy and carbon fiber. The panel, the 3 mm thick steel
tool and the distribution media were modeled with a one-dimensional column of elements in the
thickness direction. The Plastinet® distribution media was modeled as a nylon/resin composite
with a fiber volume fraction of 0.23 and a thickness of 2 and 3 mm for the 5 mm and 25 mm
panel respectively. A convective heat transfer boundary condition (20 W/m?°C heat transfer
coefficient) was assumed on the top and bottom of the tool-part assembly. The heat transfer and
resin cure kinetics were solved and resin flow during cure was neglected.

Table 3 summarizes the results of the simulations and Figures 7, 8, 9 & 10 present the maximum
part temperature and minimum resin viscosity profiles predicted by the model. It is clear that the
two resin systems have significantly different curing behaviors. SI-ZG-5A has a faster gel time
(an average of 162 min more guickly) than VR-56-4, but has a higher exothermic temperature for
the 25 mm panel (up to +31°C). Both systems have similar minimum viscosity. VR-56-4 cure is
more sensitive to the cure cycle selected in this study as using cycle 2 reduces the exothermic
temperature by 14°C and increases the gel time by 132 minutes. This difference between cycle 1
and 2 is not observed for SI-ZG-5A. VR-56-4 cure is more gradual and occurs at higher
temperature and the results of the simulation clearly illustrate that behavior. The flow number
(FN) presented in Table 1 gives an indication on the amount of flow possible before gelation and
was calculated using the following relation:

FN = [V pe)e 45

From Table 3, the flow number for VR-56-4 is about twice the value for SI-ZG-5A, which
indicates that more resin flow before gelation could occur with VR-56-4. This analysis stresses
the importance of understanding the curing behavior of the resin systems considered for a
particular application and the relationship between part geometry and curing conditions. The use
of a process model like COMPRO provides a framework for the development and understanding
of the curing strategies for components manufactured by the VARTM process.



Table 3 Results from the cure simulations.

Case Temperature | Vicosty | GelTime | Flow Namber
(°O) (Pa.s) ’
SAERTEX/SI-ZG-5A
5 mm panel, Cycle 1* 4 0.031 191 128577
5 mm panel, Cycle 2** 4 0.034 212 130610
25 mm panel, Cycle 1 42 0.036 161 128831
25 mm panel, Cycle 2 42 0.037 182 130561
SAERTEX/VR-56-4
5 mm panel, Cycle 1 7 0.033 290 280302
5 mm panel, Cycle 2 2 0.034 412 273814
25 mm panel, Cycle 1 25 0.034 280 281309
25 mm panel, Cycle 2 11 0.035 412 277117

* Cycle 1: Ramp to 66°C @ 1.11°C/min, Hold 2.75 hours, Ramp to 121°C @ 0.83°C/min, Hold 2.5 hours, Ramp to
177°C @ 0.56°C/min, Hold 6 hours, Ramp to RT @ -0.56°C/min.

** Cycle 2: Ramp to 66°C @ 0.56°C/min, Hold 4 hours, Ramp to 177°C @ 0.56°C/min, Hold 6 hours, Ramp to RT
@ -0.56°C/min.

5.0 SUMMARY

The properties that govern the processing characteristics have been characterized for an amine-
cured, VR-56-4, and an anhydride-cured, SI-ZG-5A, epoxy system. Relationships for resin
viscosity and degree of cure were shown to accurately model the observed resin characteristics.
Results of cure simulations performed using a process model show that the two resins have
similar minimum viscosities but significantly different curing behaviors. The cure reaction of SI-
7ZG-5A occurs more quickly and at a lower temperature, but with a higher exotherm than that of
the VR-56-4 resin. Both curing cycles examined show that time to resin gel and exotherm are
strong functions of the cure cycle characteristics and resin properties. However, the VR-56-4
appears to be more sensitive to the cure cycle selection. Despite its higher initial viscosity, the
calculated flow number, an indication of potential resin flow, for the VR-56-4 is about twice as
large as that found for SI-ZG-5A.
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Figure 1 Typical dynamic scans for SI-ZG-5A and VR-56-4 at 1.1 °C/min, showing the total heat of reaction.
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Figure 2 Isothermal scans of SI-ZG-5A and VR-56-4 at 80°C for 6hrs and 8hrs, respectively.
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Figure 3 Calculated model fits to experimental data for SI-ZG-5A and VR-56-4 at 100°C isothermal cure.
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Figure 7 Predicted maximum part temperature and minimum resin viscosity for a Smm thick SAERTEX fabric
panel cured following cycle 1 (SAERTEX/SI-ZG-5A and SAERTEX/VR-56-4).
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Figure 8 Predicted maximum part temperature and minimum resin viscosity for a 25mm thick SAERTEX
fabric panel cured following cycle 1 (SAERTEX/SI-ZG-5A and SAERTEX/VR-56-4).
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Predicted maximum part temperature and minimum resin viscosity for a Smm thick SAERTEX fabric
panel cured following cycle 2 (SAERTEX/SI-ZG-5A and SAERTEX/VR-56-4).
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Figure 10 Predicted part maximum part temperature and minimum resin viscosity for a 25mm thick SAERTEX
fabric panel cured following cycle 2 (SAERTEX/SI-ZG-5A and SAERTEX/VR-56-4).



	Main Menu
	How to Use This CD-ROM
	Search
	Print
	Author Index
	Subject Index
	Company Index

	Table of Contents
	ADHESIVE BONDING—I
	Sealing Pinhole Leaks with Organic Coatings
	Joining Steel and Composites
	New 121ºC (250ºF) Curing Epoxy Film Designed for Composite and Metallic Aerospace Bonding
	A New Approach to Fabricating Square Edge Close-Outs on Honeycomb Panels
	Nanoparticle Modification of Epoxy Based Film Adhesives

	E-BEAM—I
	Application of Time-Resolved Pulse Radiolysis Technique in the Investigation of the Mechanism of Epoxy Resins Cationic Polymerization
	Results of Electron Beam Prepreg Debulking Study
	Process Development of E-Beam Curing for Large Structures
	Real Time In-Situ Spectroscopic Characterization of Radiation Induced Cationic Polymerization of Glycidyl Ethers
	Evaluation of an E-Beam Cured Material for Cryogenic Structure Usage

	NDT/TESTING
	Composites Containing Embedded Simple Machines
	Simulation of Energy Release Rates and Correlation with NDE Test Data
	The Absorption of Water and Its Effect on the Transverse Strengths of Laminates
	Experimental and Theoretical Evaluations of the Iosipescu Shear Test for Hybrid Fiber Composites
	A Proper Ultrasonic Testing on Structure Weld
	Failure Strength of Machined Composite Edges
	Nondestructive Sensing Evaluation of Single Carbon Fiber/Polymer Composites Using Electro-Micromechanical Technique
	Vibroacoustic Properties of Composite Damping Elements

	ADVANCED MANUFACTURING CONCEPTS
	Liquid Crystalline Polymer (LCP) Hybrid Coating Process Development
	Micro-Cracking Evaluation of High Modulus-Graphite/Epoxy (HM-Gr/Ep) Under Combined Thermal and Load Cycling
	Friction Performance of Phenolic Binders
	Experimental and Genetic Algorithm Simulation of the Wear of Two Phase Model Friction Materials
	A Permeameter Measuring Normal and Lateral Permeability and an Investigation on Wet Friction Materials
	Cost Aspects of Structural Co-Processing

	ADHESIVE BONDING—II
	Factors Influencing Durability of Sol-Gel Surface Treatments in Metal Bonded Structures
	Adhesive Disbonding via Chemical Foaming Agents
	Ultrasonic Abrasion: A Study of an Alternate Surface Abrasion Technique

	THERMOSET RESINS—I
	High Temperature Transfer Molding Resins Based On 2,3,3',4'-Biphenyltetracarboxylic Dianhydride
	Adhesive and Composite Properties of a New Phenylethynyl Terminated Imide
	Design and Fabrication Issues of High Temperature PMCs for Aerospace Propulsion Applications
	Mechanical Testing of PMCs Under Simulated Rapid Heat-Up Propulsion Environments (I. Temperature Measurement)
	Composite Processing and Properties of a New Amorphous, Asymmetric, Addition Type Polyimide (Triple A-PI)
	Mechanical Testing of a Photocured Chopped Fiber Reinforced Dental Composite
	Two-Step Synthesis of BAX for Environmentally Safe PMR-BAX Composites

	RTM/VARTM—I
	New Experimental Findings on Resin-Impregnation Process for Woven, Stitched or Braided Fiber Mats in Liquid Composite Molding
	Interlayer Toughening of VARTM Composites: Effects of Tackifier Loading
	Interlaminar Fracture Properties of Split Angle-Ply Composites
	Effects of Amine and Anhydride Curing Agents on the VARTM Matrix Processing Properties
	Article Open

	Streamlined Intelligent RTM Processing: From Design to Automation

	SANDWICH STRUCTURES
	Reproducibility of Ring Compression Test for Evaluation of New Honeycomb Materials
	Procedure for Accelerated Corrosion Testing of Aluminum Honeycomb
	Precise Zero CTE Sandwich Structures for Optical Applications
	Novel Processing of High-Performance Structural Syntactic Foams
	Advanced Products Designed to Simplify Co-Cure Over Honeycomb Core

	FIRE SAFETY OF MATERIALS—I
	Burn-Through and Moisture Properties of Aircraft Fuselage Insulation Blankets
	Continued Developments in Fire Proof Composites
	Flexural Behavior of Balsa Wood Cores Reinforced with Inorganic Carbon Composite
	Fire Resistant Composite Materials for Energy Absorption Applications
	Fire Growth Evaluation and Mechanical Properties of Seven Thermoset Composites

	E-BEAM—II
	Development of Electron Beam Curable Composite Motor Cases
	Development and Characterization of Non-Autoclave Processes for Composites
	X-Ray Processing of Advanced Composites at 5 MeV and Above
	Investigations to Improve the Properties of EB Cured Composites: A Status Report
	Electron Beam Curable Adhesives for Aerospace Applications
	Interfacial Properties of EB Cured Textile Composite

	INFRASTRUCTURES—I
	Repair of a Damaged Fiber Reinforced Polymer Composite Bridge Deck
	Design, Fabrication, Testing, and Installation of a Low-Profile Composite Bridge Deck
	Structural Evaluation of All-Composite Deck for Schuyler Heim Bridge
	Fiber Reinforced Polymers (FRP) for Strengthening Timber Beams
	Nondestructive Inspection of Composite-Strengthened Concrete Structures
	Composite Solutions for High Pressure Drilling Risers

	FIRE SAFETY OF MATERIALS—II
	Fire-Safe Polymer Composites
	Fire Assessment of Wood Plastic Composites
	High-Throughput Methods for Flammability Screening of Multicomponent Polymer Blends and Nanocomposites
	The Correlation of Heat Release Calorimetry Measurements
	Marine Composite Material Fire Properties: Implications of Uncertainty

	WIND ENERGY
	Wind Power for Global Electricity Generating Present and Future Opportunities

	TOOLING FOR COMPOSITES
	Characterization of Low-Cost Reformable Multiuse Tooling System for Composite Repair Applications
	Autoclave Quality Composites Tooling for Composite from Vacuum Bag Only Processing

	SPACE—I
	Combined Cryogenic and Elevated Temperature Cycling of Carbon/ Polymer Composites
	Atomic Oxygen Protection of Materials in Low Earth Orbit
	Microcracking in Composite Laminates Under Thermal Environments: 150 to -196ºC

	E-BEAM—III
	Comparison Between E-Beam and Thermally Cured Similar Epoxy-based Composites
	Effect of Substituted Benzene Group on Thermal and Mechanical Properties of Epoxy Resins Initiated by Cationic Latent Catalysts
	Effect of E-Beam Curing on Composites
	A Basic Process Model for EB Curing of Composite Materials
	Stageable Resins for Electron Beam Cured Composites Manufacture
	Automated Tape Placement with In-Situ Electron Beam Cure: Process Parameters Optimization

	INFRASTRUCTURES—II
	Strengthening of Masonry Walls with High Strength Fibers and Inorganic Matrix
	In-Plane Shear Performance of Masonry Walls Strengthened with FRP
	Post Strengthening of Steel Members with CFRP
	Evaluation of Transverse Strain in Corroding Square Prestressed Concrete Elements
	Sprayed Fiber Reinforced Polymers for Repair and Strengthening
	Multi-Station Tensile Creep Testing Facility

	FIRE SAFETY OF MATERIALS—III
	Environmental Issues Associated with Flame Retarded Electrical and Electronic Equipment
	Thermal Conduction Characteristics of a Highly Porous, Fire-Resistant Composite Material
	Hybrid Composite Panels with Fireproof Lightweight Core and Carbon Fiber Skin
	Noncombustible Polymer Composites Utilizing Metallosilicate Matrices

	PREFORMS—I
	Preform Concept for a Composite Rotor
	In-Mold-Reinforcement of Preforms by 3-Dimensional Tufting
	Multi-Axial Warp Knits for Subsequent Reinforcement of Concrete Masts

	NANOCOMPOSITES/NANOMATERIALS—II
	The Colloid Chemistry of Organoclays
	Morphological Development and Barrier Properties of Exfoliated Aerospace Epoxy-Organoclay Nanocomposites
	Phenolic-Clay Nanocomposites for Rocket Propulsion System
	Skin-Core Effects in Polypropylene Nanocomposites
	Nanocomposite Textiles: New Route for Flame Retardancy
	Cryogenic Microcracking of Nanoclay Reinforced Polymeric Composite Materials
	PMR-15/Layered Silicate Nanocomposites for Improved Thermal Stability and Mechanical Properties

	THERMOSET RESINS—II
	Melt-Processable Thermosetting Polyimide
	Polyimide Foams From Friable Balloons
	Modeling the Formation of Polyimide Microspheres
	High Tg Polyimide Composites II
	Surface Characterization of Sized and Desized Toray M40J Carbon Fibers
	Fiber Reinforced Composites of Tough Rigid Siloxane Resins
	Curing and Mechanical Characterization of Soy-Based Epoxy Resin System
	Fiber Reinforced Composites with Recycled Polystyrene Additives and Natural Fibers
	Making High Performance Unsaturated Polyester Resins With 2-Methyl-1,3-Propanediol

	COMPOSITE STRUCTURES IN AEROSPACE VEHICLES
	Innovative Composite Structures for Future Tactical Hypersonic Kinetic Energy Missiles
	Fatigue of Composites at Cryogenic Temperatures

	METALS/CERAMICS
	Development of a Lubricant for Drilling Carbon Fiber Composites
	Effect of Ultradispersed Diamonds on Mechanical Properties of Alumna Composite
	Composite Sliding Bearing and its Manufacturing Technology

	SPACE—II
	Techniques for Measuring Low Earth Orbital Atomic Oxygen Erosion of Polymers
	Process Control Method for Thin Film Plasma Deposition
	Virtual Testing of the X37 Space Vehicle

	RTM/VARTM—II
	Coupled Pre-Forming/Injection Simulations of Liquid Composite Molding Processes
	Fabrication of Complex High-Performance Composite Structures at Low Cost Using VARTM
	Quality Assurance System Based on the Process Simulation for the Compression Molding Process
	Toughening of Vinyl Ester Systems

	INFRASTRUCTURES—III
	Static and Fatigue Performances of RC Beams Strengthened with Carbon Fiber Sheets Bonded by Inorganic Matrix
	Practical Applications of FRP Used to Strengthen and Rehabilitate Structural Members
	Failure Analysis of Carbon Composite Reinforcement of Concrete Infrastructures
	Measuring the Glass-Transition Temperature of Composites in the Field

	COMPOSITE DESIGN
	Optimum Stacking Sequence Design of Composite Laminates Using Genetic Algorithms
	Coupled Multi-Disciplinary Methods for Structural Reliability and Affordability
	Composites in Naval Radar Applications

	2D-3D WEAVING/BRAIDING
	Design of a Braided Composite Structure with a Tapered Cross-Section
	Thermoplastic Composites from Co-Braided Yarns
	Thick 3D Woven Composites as a Standard Material: Manufacturing, Properties and Applications
	Mechanical Characterization and Design Architecture of Graphite T700 12K/Epoxy Wide Tow Triaxial Braided Composites

	NANOCOMPOSITES/NANOMATERIALS—III
	Hybrid Inorganic/Organic Reactive Polymers for Severe Environment Protection
	Effects on Processing by Drop-In Modifiers in Nano-Composite Polymers
	High Temperature Lubricants Based on Polyhedral Oligomeric Silsesquioxanes (POSS)
	Model Polyhedral Oligomeric Silsesquioxane Thin Films for Coating Applications
	POSS™ Reinforced Fire Retarding EVE Resins

	TOWPREG-TAPE PLACEMENT—I
	Mechanical Analysis of Multi-Material Composites Manufactured by Integrated Processing
	Cryogenic Cycling of Carbon Fiber/Epoxy Composites: Effects of Matrix Modification
	Nondestructive Evaluation and Mechanical Testing of Steered Fiber Composites
	Mechanical Properties on FRP with Spread Carbon Fiber Tows

	FILAMENT WINDING/PULTRUSION
	Optimization of Adhesion Between Composite and Rubber Using the Taguchi Method
	Avoiding Voids in Filament Winding
	Fixed and Expansion Connectors for Composite Cryopipe
	Composittrailer ® : Design, Analysis, Testing and Market Issues

	CHARACTERIZATION/TESTING
	Investigations on the Fiber Fracture Behavior in Carbon Fiber Reinforced Plastics
	Stress and Strength Analysis of Structural Components with Inter Fiber Failure (IFF): Experimental and Theoretical Work
	Cyclic Fatigue Degradation Response of Composite Structures
	Fiber Optics in Bonded Repairs
	Characterization of Fatigue Damage in High Temperature Composite Laminates
	Damage Characterization of High Temperature Composite Laminates
	E-Glass/DGEBA/m-PDA Model Composites: Time Dependent Failure in a Brittle Multi-Fiber Composite

	ELECTRONIC PROCESSING
	Ion Implantation of UO2
	Fracture Toughness of Thin Siloxane Resin Films Measured by mELT
	Corrosion of Chromate Conversion Coatings on Aluminum Alloys in Electronic Equipment

	PREFORMS—II
	Production of Near Net Shaped Preforms From Chopped FRTP Hybrid Rovings
	Investigations of an Automated Cell for Manufacturing Aerospace Composite Structures
	Study of Fiber/Binder Adhesion in Chemically Bonded Non-Wovens
	Mechanical Properties of Multi-Axial Warp Knitted Composite with Hybrid Matrix Layer

	NANOCOMPOSITES/NANOMATERIALS—IV
	Carbon Nanotube Reinforcement of a Filament Winding Resin
	Organic-Inorganic Nano-Hybrid Composite as Atomic Oxygen Durable Coating
	Carbon Nanofiber Polymer Composites: Electrical and Mechanical Properties
	Hybrid Montmorillonite + Multi-Walled Carbon Nanotube Nanocomposites

	TOWPREG-TAPE PLACEMENT—II
	Processing and Testing of Thermoplastic Composite Cylindrical Shells Fabricated by Automated Fiber Placement
	Object-Oriented Design and Analysis Tools for Fiber Placed and Fiber Steered Structures
	Low Cost Robotic Fabrication Methods for Tow Placement
	Fiber Steering Around a Cutout in a Shear Loaded Panel
	Vacuum-Bag-Only-Curable Prepregs That Produce Void-Free Parts



