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EXECUTIVE SUMMARY

Composite materials are used in the DoD because of their low weight and excellent properties,
enabling the production of lighter weight and stronger vehicles, ships, and structures. Programs have
been initiated to replace metallic components of HMMWYV and other Army vehicles and naval ships
with composite parts. However, fabrication of composite materials can produce large amounts of
volatile organic compound (VOC) and hazardous air pollutant (HAP) emissions.

ARL/Drexel have developed low HAP fatty acid vinyl ester (FAVE) resin systems that would allow
DoD facilities to continue manufacturing vinyl ester (VE) resins using current practices and facilities,
while reducing pollution and health risks. These resins reduce HAP content in composite resins by
using fatty acid monomers as styrene replacements and using bimodal molecular weight distributions
of vinyl ester monomers to maintain high performance while using low styrene/HAP contents.

The objectives of this program are threefold: 1) Demonstrate/validate the processing and performance
of low VOC/HAP resins developed by ARL/Drexel as a viable alternative to current VE and UPE
systems used in the DoD. 2) Quantify the impact of these resins on facility-wide HAP emissions at
selected facilities and DoD contract manufacturing sites, and demonstrate compliance with proposed
military NESHAP and existing composites NESHAP through monitoring and record-keeping. 3)
Demonstrate cost-savings potential for transitioning to low VOC/HAP VE and UPE resins relative to
using standard commercial resins or implementing facility modifications.

The FAVE resin technology was demonstrated/validated on a variety of weapons platforms. For the
Army, composite materials for tactical vehicles (M35A3 hood, M939 hood, and HMMWV
transmission box) was demonstrated. For the Marines, low FAVE was used to demonstrate a ballistic
HMMWYV hardtop that currently uses high VOC/HAP vinyl ester resins. For the Air Force, these low
HAP resins were used to replace current resins used in a composite dorsal cover for the T-38, F-22
canopy cover, splash molds. This resin was also used to replace vinyl ester resins currently used for
the composite rudder on mine counter measure (MCM) ships and current and future class of destroyers
(DDG and DDX, respectively).

The first aspect of the demonstration was for a company to scale up the manufacture of the
methacrylated fatty acid (MFA) monomers used to partly replace styrene in FAVE. Applied
Poleramics, inc. (API) of Benicia, California was contracted to do this. APl demonstrated the
successful manufacture of two MFA monomers at 5 gal and 55 gal: methacrylated lauric acid (MLau)
and methacrylated octanoic acid (MOct). These resins were validated at ARL and Drexel through a
variety of tests outlined in the joint testing protocol (JTP). Although there were some initial
production issues, these were rectified with simple steps resulting in a simple manufacturing method to
produce these materials effectively and reproducibly.

FAVE resin formulations were developed by ARL/Drexel. This was done by blending MFA with
various commercial vinyl ester resins to produce formulations with properties similar to current resins.
A variety of resin formulations were prepared in this manner and were then transitioned to API for
production.
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APl was also contracted to produce the FAVE resins. They did so according to the direction of
ARL/Drexel by blending the MFA with commercial vinyl esters. Various formulations were detailed
by ARL/Drexel to produce different viscosities, glass transition temperatures, and toughness. The
manufacture of these resins was validated by ARL/Drexel according to the joint test protocol. There
were some production issues in the first year and half of the project. These stemmed mainly from loss
of styrene through the plastic containers used to ship the resin. This was rectified by using metal
containers instead of plastic. After which, the resins consistently passed JTP.

Preparation of MFA and FAVE resins has been transitioned to a larger company, Dixie Chemicals,
Inc. This company will scale-up these resins and provide them to commercial and DoD markets in the
near future.

ARL/Drexel validated composite panels prepared using the resins developed by API and the fibers
used in each of the demonstrations. ARL/Drexel did standard mechanical testing as well as
accelerated aging and fatigue of these materials. The results indicated that the FAVE performed very
similarly to commercial resins, but had improved fatigue and weathering properties.

An FAVE resin formulation was demonstrated/validated on three AF platforms. The resin was
validated initially using viscosity and panel testing. Demonstration parts were then prepared
successfully. The demonstration parts were then validated and showed that the FAVE resin performed
similarly to the commercial VE resins used in these applications.

An FAVE resin formulation was successfully demonstrated/validated on the MCM rudder. The resin
was tested initially using viscosity flow studies and composite panel coupon testing. The results of the
FAVE resins were similar to that of commercial VE resins used by the Navy. The FAVE was then
used to manufacture two composite rudders at Structural Composites, Inc. The composite part was
manufactured successfully, and the manufacturer was satisfied with the use of this resin in a
production environment. One of the rudders was cross-sectioned and was found to have excellent
fiber wet-out and few defects. The 2" rudder was kept on hand to potentially validate its use on the
MCM once approval is granted by the Navy.

A couple of FAVE resins were tested for the Marines HMMWYV hardtop application. Composite
panels were prepared and tested using standard composite testing procedures. The results indicated
similar performance for the FAVE composites relative to commercial composites. In addition,
ballistic panels were prepared to show that the FAVE performed in a manner superior to that of current
commercial resins.

FAVE resin was demonstrated/validated for composite hoods applications (M35A3 and M939).
Composites panels were prepared and tested and again showed similar performance of the FAVE vs.
the commercial resins. Composite demonstration parts were prepared in the laboratory to prove that
the FAVE resin could successfully be used for this application. Composites were then prepared at
Sioux Manufacturing Corp to validate the resin processing and to prepare parts for validation testing.
SMC was satisfied with the processability of the resins and successfully produced the composite hoods
alongside hoods using commercial resins. These manufactured parts were then validated on a test
frame at the Center for Composite Materials (CCM) at the University of Delaware. The results from
the test-frame experiments showed identical performance of the FAVE composite hoods vs. the
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commercial resins, and the FAVE composites passed all required specifications. The composite hoods
were tested form, fit, and function at Red River Army Depot (RRAD) and were shown to pass all
requirements.

FAVE resin was demonstrated/validated for HMMWYV transmission container application.
Composites panels were prepared and tested and again showed similar performance of the FAVE vs.
the commercial resins. Composite demonstration parts were prepared in the laboratory to prove that
the FAVE resin could successfully be used for this application. Composites parts were then prepared
at Sioux Manufacturing Corp to validate the resin processing and to prepare parts for validation
testing. SMC was satisfied with the processability of the resins and successfully produced the
composite hoods alongside hoods using commercial resins. These manufactured parts were then
validated using tests specified in the technical data package for these parts. The results showed
identical performance of the FAVE composite hoods vs. the commercial resins, and the FAVE
composites passed all required specifications. The composite containers were tested at Aberdeen Test
Center for shock and vibration testing according to specifications for shipping containers. The results
indicated that the FAVE passed all requirements. RRAD validated the FAVE and commercial resin
containers by shipping the containers around the depot for a period of 3 months. The results again
showed very similar behavior for the FAVE and commercial resins. However, both the RRAD and
ATC testing indicated some issues with the design of the HMMWYV transmission container, including
position of the strap hooks (too low to the bottom of the container), the wooden feet tend to break, and
the aluminum hardware that bolts to the transmission can break at the bolts connecting the hardware to
the composite container. Those aspects was re-designed, but the tests make the FAVE resin a
qualified resin for this application.

Life cycle analysis (LCA) analysis of the FAVE resins was performed by two independent groups.
The results showed in all cases that the FAVE resins were more expensive per pound of resin than the
commercial resins. However, when considering costs associated with emissions capture, FAVE resins
become more competitive. In general, production of composites tended to favor the use of FAVE
resins, such as in the Army demonstrations. However, smaller scale uses, such as the Navy and Air
Force demonstrations, favored the commercial resins.

Overall, the FAVE resins met the performance requirements for all of the demonstration platforms,
and were thus validated successfully. The life cycle analysis shows that the FAVE resins can be
competitive when considering total production costs. Thus, it is recommended that FAVE resins be
considered for use are in all large scale uses of VE resin polymer matrix composites in the military,
and potentially considered in moderate use applications as well.
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1.0 INTRODUCTION
1.1  Background

Polymer matrix composites (PMC) are materials made by combining a polymer with another
class of materials, such as a ceramic. In general, the intention of making polymer-composites is
to have low-weight, high-performance materials that are superior in a number of ways to the
individual components. Fiberglass automobile bodies and tennis racquets are examples of the
combination of polymers with glass fibers. Composite materials are used in the DoD because of
their low weight and excellent properties, enabling the production of lighter weight and stronger
vehicles, ships, and structures. Programs have been initiated to replace metallic components of
HMMWYV and other Army vehicles and naval ships with composite parts (Figure 1). Future
classes of vehicles and ships will use significantly higher amounts of composite materials,
making these vehicles lighter faster and more maneuverable. However, aspects of these
technologies have an adverse effect on the environment. Fabrication of composite materials can
produce large amounts of volatile organic compound (VOC) and hazardous air pollutant (HAP)
emissions. Sources of pollution from these materials include disposal of hazardous polymer
ingredients, solvents used for viscosity reduction, gases evolved during and after processing, and
disposal of contaminated scrap materials [1].
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Figure 1: Current and future uses of composite materials in the military include the HMMWYV,
Navy DDX, and Crusader.

Reactive diluents in vinyl ester (VE) and unsaturated polyester (UPE) resins, such as styrene and
methyl methacrylate, are used to reduce the resin viscosity to enable liquid molding. However,
these diluents are VOCs and HAPs. Typical commercial resins contain 40-60 wt% styrene.
There are some low HAP varieties that contain as little as 33 wt% styrene, such as Derakane
441-400. However, the viscosity and fracture properties of such resins are poor.

An obvious solution to reducing VOC/HAP emissions from composite resins is to simply reduce
the reactive diluent content. There are a number of problems with this approach. First, the resin
viscosity increases exponentially as the diluent content is decreased, making it difficult to use
liquid molding techniques to produce the composite part. High viscosity is why thermoplastic
materials, such as polycarbonate, cannot be used to a large extent in composite manufacture. In
addition, properties such as the strength and toughness decrease significantly as the diluent



content is reduced. Lastly, reducing the styrene content increases the cost of the resins because
vinyl ester/unsaturated polyester monomers typically cost approximately double the amount of
inexpensive diluents like styrene.

Various petroleum-based monomers with volatilities lower than that of styrene have been used as
styrene replacements, such as vinyl toluene [2]. However, these styrene replacements still
produce significant emissions, and are therefore still regulated by the EPA [3]. In addition, few
monomers yield resins with performance comparable to styrene-based resins, and even fewer can
match the low cost of styrene.

Vapor suppressants have been used to reduce emissions from vinyl ester resins. These
suppressants are typically a surfactant or paraffin wax that segregates to the air interface and
reduces the styrene evaporation rate [4]. Unfortunately, these suppressants also tend to segregate
to the resin-fiber interface, which decreases fiber-matrix adhesion and the mechanical properties
of the composite.

Another possible solution is to trap the VOC/HAP emissions during resin processing, composite
production, and painting applications. These trapping devices need to absorb most of the
VOC/HAP emissions and then efficiently remove the emissions from the air before exhausting to
the atmosphere. Trapping devices fail in two major aspects. First, their use is not feasible in the
production of large-scale structures or in field repair. Large-scale structures are typically
fabricated outside or in covered shelters, and building a device to trap a significant portion of the
emissions is cost prohibitive. Secondly, although these devices remove the VOCs/HAPs from
the atmosphere, the workers are still subject to the emissions and the health risks they pose. The
resins developed by ARL/Drexel reduce VOC/HAP emissions, while maintaining good resin and
materials performance, and are therefore ideal solutions to this problem. However, incorporating
these resins into current military platforms requires technology demonstration/validation, which
is the purpose of this proposal.

Vinyl ester resins and unsaturated polyesters resins are being used in various military platforms
and are being evaluated for use in additional platforms. Vinyl ester composites are excellent
candidates for making parts for tactical vehicles, planes, and radome structures. Their low
weight and high performance translates into better fuel economy and greater durability relative to
metal parts. Furthermore, VE and UPE repair resins are regularly used by the military. Bondo™
and other such repair resins are used to repair dents and other damage to maintain durability,
survivability, and reduce overall cost associated with various platforms, including tactical
vehicles. Unfortunately, the current resins used for the applications no longer meet EPA
regulations. Because the use of these resins is integral to the development of a lighter, faster, and
more maneuverable military, it is imperative to develop low VOC/HAP resins for the military
applications.

ARL/Drexel have developed low HAP vinyl ester and unsaturated polyester resin systems that
would allow DoD facilities to continue manufacturing VE resins using current practices and
facilities, while reducing pollution and health risks. These resins reduce HAP content in
composite resins by using fatty acid monomers as styrene replacements and using bimodal



molecular weight distributions of vinyl ester monomers to maintain high performance while
using low styrene/HAP contents.

1.2 Objective of the Demonstration

The objectives of this program were threefold: 1) Demonstrate/validate the processing and
performance of low VOC/HAP resins developed by ARL/Drexel as a viable alternative to
current VE and UPE systems used in the DoD. 2) Quantify the impact of these resins on facility-
wide HAP emissions at selected facilities and DoD contract manufacturing sites, and
demonstrate compliance with proposed military NESHAP and existing composites NESHAP
through monitoring and record-keeping. 3) Demonstrate cost-savings potential for transitioning
to low VOC/HAP VE and UPE resins relative to using standard commercial resins or
implementing facility modifications. Once these objectives have been met, ARL will use its
contacts to produce these resins commercially for the military and industry and will include these
resins in technical data packages for the Army, Marines, Air Force, and Navy. Furthermore, the
results from this work were and was published and presented at technical conferences to increase
awareness of this technology.

This project seeks to expand the use of the low VOC/HAP materials developed in SERDP PP-
1271 into the Army, Marines, Air Force, and Navy (Figure 2). For the Army, composite
materials for tactical vehicles (M35A3 hood, HMMWYV hood, or HMMWYV transmission box)
were demonstrated. For the Marines, low VOC/HAP vinyl ester were used to manufacture and
demonstrate a ballistic HMMWYV hardtop that currently uses high VOC/HAP vinyl ester resins.
For the Air Force, these low HAP resins were be used to replace current resins used in a
composite dorsal cover for the T-38. This resin was also be used to replace vinyl ester resins
currently used for the composite rudder on mine counter measure (MCM) ships and current and
future class of destroyers (DDG and DDX, respectively). However, the DoD does very little
composite manufacture. Most composite parts are provided to the DoD through contracting
industry. On the other hand, the DoD does some composite repair at facilities, such as Red River
Army Depot (RRAD). Therefore, this proposed ESTCP work did not only validate the use of
low VOC/HAP resins at DoD-contracted industry for military vehicle body parts, but also
validated their use at DoD repair facilities. ARL/Drexel focused on optimizing the resin for a
particular application. API produced the low VOC/HAP resins to be used throughout this work.
The University of Delaware Center for Composite Materials (CCM) and ARL designed,
fabricate, and test composite panels for Army, Marines, and Navy applications. The Air Force
Research Laboratory (AFRL) at Hill AFB fabricated and test these composites for AF
applications. RRAD, ARL/APG, and the Advanced Composites Office (ACO) at Hill Air Force
Base performed validated these low VOC/HAP composites. Structural Composites, Inc. (SCI)
demonstrated the composite rudder in conjunction with NSWCCD. SCI and Sioux
Manufacturing Corp. (SMC) were used to produce the low VOC/HAP composite parts on a
larger scale for the DoD.
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Figure 2: This program demonstrated/validated low HAP vinyl ester resin composites for (a)
HMMWYV ballistic hardtop, and (b) a HMMWYV transmission container, 1-2 types of composite
replacement hoods including (c) M939, (d) M35A3 or (¢) HMMWYV, and (f) MCM rudder (g) T-
38 dorsal cover, and (h) F-22 Canopy cover.



These demonstrations showed that ARL/Drexel low HAP resins can be used to replace
commercial vinyl ester and unsaturated polyester resins. As such, composite performance was
maintained, life-cycle cost was maintained, and HAP content was significantly lowered below
NESHAP regulations relative to commercial resins.

1.3 Regulatory Drivers

Reactive diluents in vinyl ester (VE) and unsaturated polyester (UPE) resins, such as styrene and
methyl methacrylate, are used to reduce the resin viscosity to enable liquid molding. However,
these diluents are VOCs and HAPs. HAPs were defined by the 1990 Clean Air Act
Amendments (Section 112) as chemicals that must have emissions limits. These chemicals have
adverse health effects including headache, fatigue, depression, irritation, and cancer and are
damaging to the environment. VOCs evaporate at substantial rates at room temperature and
could potentially produce smog-promoting ozone as well as long-term and acute health effects.
VOC/HAPs are emitted during all phases of composite fabrication (Figure 3). Emissions occur
during the mixing of diluents, catalysts, and initiators into the system. Composite parts typically
have very large surface to volume ratios, which allows up to 20% loss of diluent content during
the molding stage. The elevated temperatures generated during cure increase the vapor pressure
of diluent and thus increase the rate of VOC emission. Unfortunately, even after cure during the
lifetime of the part, VOC emissions can be substantial. Up to 40% of the styrene in vinyl ester
resins is unreacted after cure [5]. These unreacted monomers evaporate as VOCs, giving the
composite an unpleasant odor, and they can leach out into the water supply during the lifetime of
the part. A study has shown that although the composites industry only consumes 9% of the
styrene, it produces 79% of the styrene emissions [4]. For these reasons, by means of the Clean
Air Act, the EPA has enacted the Reinforced Plastic Composites National Emissions Standards
for Hazardous Air Pollutants (NESHAP) to limit styrene emissions from composite
manufacturing [3]. This legislation could have a significant impact on the use of composite
materials in military as well as commercial applications unless methods for mitigating
VOC/HAP emissions during composite processing, curing, and fielding of the composite part are
developed. Current high-performance resins typically contain approximately 40-50 wt% HAP
content. The new regulations require the HAP content to be effectively ~30 wt%, resulting in
emissions reduction of approximately 8000 tons per year. Although some commercial resins
have as little as 30 wt% HAP content, these resins suffer from poor properties.
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Figure 3: Volatile emissions are liberated during all stages of composite production.

ol



Through implementation of the Clean Air Act and Clean Water Act, the Environmental
Protection Agency (EPA) has established regulations limiting the amount of VOCs, HAPs, and
heavy metals that can be used in composite materials. The regulation requires facility wide
emissions limits as of 2008, which make compliance through low emissions materials desirable.
Although there are commercial resin systems that meet the current NESHAP requirements for
individual DoD facilities, these resins have poor performance and processability. Therefore,
DoD facilities would need to implement add-on control devices to capture volatile emissions
from composite processing in order to use the high performance commercial resins. Considering
the number of current and future DoD sites using composite resins, the cost of implementing
these add-on facilities is prohibitive [6]. The alternatives would be to use more expensive epoxy
resins (approximately three times more expensive) or to reduce the usage of composites in the
DoD, making it difficult to realize the initiative to make a lighter, faster, and more maneuverable
military.



2.0 DEMONSTRATION TECHNOLOGY
2.1  Technology Description
2.1.1 Low HAP Resin Technology

Typical commercial vinyl ester and unsaturated polyester resins contain 40-60 wt% styrene or
other reactive diluent. These resins are not NESHAP compliant. Commercial industry has
developed low HAP resins, such as Derakane 441-400 and Reichhold Hydrex 100-LV, which are
low HAP content and are NESHAP compliant for most composite fabrication applications.
However, the fracture toughness and viscosities of these resins are poor and unacceptable for
most military use. ARL/Drexel has developed two solutions for making NESHAP compliant
resins with excellent resin and polymer performance: FAVE/UPE and BMVE (Figure 4). The
FAVE/UPE resin uses Fatty Acid monomers [7] as a reactive diluent to replace all but ~20 wt%
of the styrene HAP in the VE or UPE resin [8]. The BMVE resin uses a mixture of low and high
molecular weight vinyl ester monomers (i.e., Bi-Modal) to reduce resin viscosity and improve
fracture performance while using only 28-38 wt% styrene [9]. The solutions, which are in the
process of being patented [7,10], are depicted in Figure 4 and involve replacing conventional
reactive diluents with plant oil derived monomers and altering the molecular structure of the
cross-linking agent to reduce the styrene content in these resins.

2.1.1.1 Bimodal Blends of Vinyl Ester Monomers

Altering the molecular structure of vinyl ester monomers can be used to affect the polymer
properties and reduce the styrene content in these resins. Simply reducing or increasing the
molecular weight of vinyl ester monomers does not provide a means for both decreasing styrene
emissions and maintaining resin and polymer properties. Low molecular weight vinyl ester
monomers have low viscosities, but also have poor fracture properties because of their high
cross-link densities. High molecular weight VE monomers yield resins with high fracture
properties because of reduced cross-link density (i.e. matrix toughening), but have high resin
viscosities. On the other hand, a mixture of low and high molecular weight vinyl ester
monomers (i.e. bimodal blend) can be used to maintain low resin viscosities and low styrene
contents while achieving high fracture toughness [9].

Experimental results showed that the styrene content of these bimodal blends can be reduced
while still maintaining low enough viscosity for composite liquid molding applications [9,11].
The viscosity was found to be dependent on the number average molecular weight of the
bimodal blends of vinyl ester monomers. As a result, the styrene content can be decreased to as
low as 28-38 wt% while maintaining low resin viscosities of 500 cP or less. Although not a
severe reduction in styrene content, this does amount to ~20% reduction in VOC/HAP emissions
relative to commercial resins. The modulus and strength were the same as that of commercial
resins for the neat resin, but superior for the bimodal composites [11]. Furthermore, bimodal
blends substantially improved the toughness relative to commercial resins. Therefore, the
concept of bimodal blends of vinyl ester monomers can be used not only to reduce VOC/HAP
emissions [12], but also to improve the composite properties.
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Figure 4: Methods to reduce VOC/HAP emissions in thermosetting resins.

2.1.1.2 Fatty Acid Monomers

Triglycerides are the main component of oils derived from plant and animal sources.
Triglycerides are three fatty acids connected by a glycerol center (Fig. 4). Triglycerides are
simply broken down into fatty acids using industrial processes, such as saponification. A
number of synthetic routes have been established by ARL/Drexel for making fatty acid-based
monomers [7]. The methacrylated fatty acid (MFA) monomer has proven to be the best fatty
acid monomer for composite production. MFA monomers are produced through a simple
addition reaction of the carboxylic acid of fatty acids with the epoxide group of glycidyl
methacrylate to form a single product within a few hours at temperatures ranging from room
temperature to 80°C. Each MFA contains one terminal polymerizable unsaturation site per
molecule. In this way, the fatty acid monomers act as chain extenders, analogous to styrene, in
VE resins. The resulting monomers have fairly high molecular weight and are non-volatile,
making them excellent alternatives to styrene in liquid molding resins. Furthermore, these
monomers promote global sustainability because they are made using a renewable resource.
Numerous fatty acids have been used to make MFA monomers. The molecular structures of the
fatty acids used do have an effect on the polymer and resin properties. The resin viscosity
decreases and polymer properties increase as fatty acid chain length decrease [8], but cost is also
a factor. Methacrylated lauric acid monomers represent a balance of these factors, as they have
good resin and polymer properties, and low cost. Due to the low cost of fatty acids and the
simple modifications to produce fatty acid monomers, these monomers are inexpensive, with an
estimated cost only slightly above that of styrene. Although plant oils have been used to make
polymers for years, the use of fatty acid monomers as reactive diluents is a novel concept [7].

Ideally, all of the styrene in vinyl ester and unsaturated polyester resins could be replaced with
fatty acid-based monomers; however, the resulting resin and polymer properties are poor relative
to commercial resins. Therefore, rather than completely replacing styrene with fatty acid



monomers, styrene was partially replaced with the fatty acid monomers. Styrene contents
ranging from 10 wt% to 20 wt% (55-78% reduction in VOC/HAP content relative to commercial
resins) were used resulting in good resin and polymer properties. The resin viscosities were far
below the threshold for liquid molding processes (1000 cP), and have been successfully used to
produce defect free composite parts at high production rates [13,14]. The glass transition
temperature was similar to commercial resins (> 120°C), and the toughness was twice that of
commercial resins. On the other hand, the stiffness and strength were a bit lower than that of
commercial resins, while still having moduli over 3 GPa and strength over 100 MPa. In
addition, part shrinkage was reduced by more than 50% relative to commercial resins, helping to
maintain dimensional stability. Thermo gravimetric analysis results showed that the fatty acid
monomers are not volatile and resins formulated with these monomers produce only styrene
emissions. Therefore, these MFA monomers do indeed reduce the VOC/HAP content in
composite resins.

A number of composite materials were made using vinyl ester resins with both styrene and fatty
acid monomers as the reactive diluents. The strength and moduli of the fatty-acid-based
composites were not significantly different from that of the commercial resins [14] even though
the neat resin properties were slightly inferior, indicating improved fiber-matrix adhesion in fatty
acid-based composites. To prove that these resins can be used to produce large scale structures,
a composite hood for an M35A3 truck (Figure 5) was fabricated using a low VOC/HAP resin
containing 15 wt% fatty acid monomers and only 20 wt% styrene [13]. The resin infused very
quickly for such a large structure (7 ft x 7ft) and cured well to produce a fine composite
structure. Furthermore, the Naval Surface Warfare Center Carderock (NSWCCD) successfully
demonstrated that these resins can be used to make large scale parts, including a representative
hat-stiffened structure that was used for the Composite Advanced Sail Program and DDX
(Figure 6). Therefore, successful low VOC/HAP resins are not merely a concept, but instead are
reality. Overall, the properties of both the FAVE and BMVE resin systems solutions are similar
to that of commercial resin systems, while having much lower VOC/HAP contents that qualify
for exemption under NESHAP rules.

Figure 5: Photographs of (a) the unpainted composite hood affixed on an M35A3 truck and (b) the
underside view of the low VOC/HAP hood painted with MIL-DTL-64159 low VOC water-
dispersible CARC. The blue stripes in (b) are PVC foam stiffeners that are fabricated into the part.



Figure 6: Photographs of (a) the hat-stiffened structure and (b) the hat region of a composite
prepared by NSWCCD using the low VOC/HAP VE resin developed by ARL/Drexel.

Overall, there some key design criteria for the resins depending on the required properties and
performance of the fabricated composites. First, there are two different technologies that can be
used to reduce HAP emissions from composite resins:

e Fatty acid monomers

e Bimodal vinyl esters
There are also a number of other technologies that can be used to modify the performance of
these technologies:

e Vinyl ester type (Bisphenol A vs. Novolac)

. Fatty Acid chain Iength (Lauric acid vs. Octanoic acid) vt yes

e Resin component ratio \ Performance? ' Done |
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this resin did not meet the required performance, first, shorter \Performance
fatty acids (FAVE-O - octanoic acid-based resins) were used.
When higher performance was still required, FAVE-L-25S or FAVELLN
FAVE-O-25S resins with 25 wt% styrene were evaluated.
Also, novolac vinyl esters was used to replace or partially  sufficient ™, yee
replace the bisphenol vinyl esters (FAVE-LN - the N \\F’erformancey ’_Done

FAVE-L

H

FAVE-O

1

2

indicates that the resin in Novolac-based rather than T The
bisphenol-based). If higher performance is still required, both

shorter chain fatty acids and Novolac vinyl esters were used

together (FAVE-ON). Lastly, bimodal vinyl esters could have Sufficient\)ﬂ_’—|
been used if the fatty acid technology did not have the correct Ferformance? pone
performance, but this was not the case. The reason for No

initially starting with the fatty acid technology is twofold: 1) BMVE

the FAVE resins have far lower HAP content then the Figure 7: Design schematic to
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Properties can be further improved by using resins with 65 wt% VE monomer, 10 wt% FA, and
25 wt% styrene. This resin would still have far lower HAPs than low HAP commercial resins.

Figure 8 is an illustration of the process required to make and field a composite part. Initially,
the monomers are synthesized usually by a commercial resin producer and/or chemical
companies. The components are then blended by the resin producer. Catalyst, initiator, free-
radical inhibitors and other additives are mixed in by the resin user shortly before composite
infusion. The fibers are layed-up in the proper orientation. Then the resin is injected into the
mold and allowed to cure. The sample is then be de-molded. Postcure at elevated temperatures
is optional depending on the required performance. The part is then sanded and polished to give
a class A surface for painting. Finally the painted part is used to replace worn parts on the
weapons platform.
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Figure 8: Schematic illustration of composite manufacture process.

2.2  Technology Development
2.2.1 Fatty Acid Vinyl Ester Resin Development

Much of the ARL/Drexel low HAP resins chemistry optimization and testing was conducted
under SERDP Project PP-1271 “Low-Cost and High-Impact Environmental Solutions for
Military Composite Structures.” Most of that testing was performed by ARL and Drexel
University, but some testing was performed by NSWCCD. Testing and properties can be found
in the following articles, reports, and patent applications that were performed during SERDP
WP-1271 or ESTCP 0617:

e JJ. LaScala, J.A. Orlicki, R. Jain, C.A. Ulven, G.R. Palmese, U.K. Vaidya, J.M. Sands,
“Emission modeling of styrene from vinyl ester resins with low hazardous air pollutant
contents, Clean Tech Environ Policy, 11, 283-292 (2009).

e G.R.Palmese, J.J. La Scala, J.M. Sands, “Fatty Acid Monomers to Reduce Emissions and
Toughen Polymers,” U.S. Patent 7,525,909, Apr 28, 2009.
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G.R. Palmese, J.J. La Scala, J.M. Sands, “Multimodal Vinyl Ester Resins,” Australian
Patent 2005250354, June. 11, 2009.

G.R. Palmese, J.J. La Scala, J.M. Sands, “Composite repair Resins Containing minimal
hazardous Air Pollutants and Volatile Organic Compounds,” U.S. Patent Application
11/689,191, June 11, 20009.

G.R. Palmese, J.J. La Scala, J.M. Sands, “Multimodal Vinyl Ester Resins,” U.S. Patent
7,449,525, Nov. 11, 2008.

Terese E. Glodek, Steven E. Boyd, lan M. McAninch, John J. LaScala, “Properties and
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(POSS) fire retardants,” Comp. Sci and Tech. 68, 2994-3001 (2008)

J.J. La Scala, M.S. Logan, J.M. Sands, G.R. Palmese “Composites Based on Bimodal
Vinyl Ester Resins with Low Hazardous Air Pollutant Contents,” Comp. Sci. and Tech.,
68, 1869-1876 (2008).

S.E. Boyd, J.J. La Scala, G.R. Palmese, “Molecular relaxation behavior of fatty acid-
based vinyl ester resins,” J. Appl. Polym. Sci., 108, 3495-3506 (2008).

G.R. Palmese, J.J. La Scala, J.M. Sands, “Multimodal Vinyl Ester Resin,” European
Patent Application, Sept 25, 2008, 05804814.1-21009.

J.J. La Scala, A. Jeyarajasingam, M.S. Logan, C. Winston, P. Myers, J.M Sands, G.R.
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Patterson, Frank Bruce, Edward Bartling, Charlie Johnson, Philip Myers, Steven Boyd,
Stephen Andersen, Lawrence Coulter, Roger Crane, John Gillespie, Jr., James M. Sands,
Michael Starks, Jorge Gomez, and Giuseppe R. Palmese, Demonstration of Military
Composites With Low Hazardous Air Pollutant Content, ARL-RP-185, July 2007.

J.J. La Scala, Felicia Levine, Philip Myers, James M. Sands, Stephen Andersen, John
Gillespie, Jr., Ken Patterson, Lawrence Coulter, Roger Crane, Michael Starks , Jorge
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with Low Hazardous Pollutant Contents,” Proceedings of the 52nd International SAMPE
Symposium and Exhibition, Baltimore, MD, MAY 2007.

E. Can, J.J. La Scala, J.M. Sands, G.R. Palmese, “The synthesis of 9-10 dibromo stearic
acid glycidyl methacrylate and its use in vinyl ester resins,” J. Appl. Polym. Sci., 106,
3833-3842 (2007).

J.J. La Scala, et al., “Environmentally Friendly Composite Materials Based on Fatty Acid
Monomers,” EM, Accepted, July 2007.

X. Geng, J.J. La Scala, J.M. Sands, and G.R. Palmese, “High Performance Fatty Acid-
Based Vinyl Ester Resin for Liquid Molding,” Proceedings of the 52nd International
SAMPE Symposium and Exhibition, Baltimore, MD, MAY 2007.

J.J. La Scala, Felicia Levine, Philip Myers, James M. Sands, Stephen Andersen, John
Gillespie, Jr., Ken Patterson, Lawrence Coulter, Roger Crane, Michael Starks , Jorge
Gomez, Xing Geng, and Giuseppe R. Palmese, “Demonstration of Military Composites
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“The Use of Bimodal Blends of Vinyl Ester Monomers to Improve Resin Processing and
Toughen Polymer Properties,” ARL Reprint, ARL-RP-95.

J.J. La Scala, J.M. Sands, J.A. Orlicki, E.J. Robinette, G.R. Palmese, “Fatty Acid-Based
Monomers as Styrene Replacements for Liquid Molding Resins,” ARL Reprint, ARL-
RP-94,

J.J. La Scala, E.J. Robinette, G.R. Palmese, J.M. Sands, J.A. Orlicki, and M.S. Bratcher,
“Successful Initial Development of Styrene Substitutes and Suppressants for Vinyl Ester
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Resin Formulations,” Army Research Laboratory Technical Report, ARL-TR-3023,
August 2003.

e C. Ulven, J.M. Sands, U.K. Vaidya, “Emission and Mechanical Evaluations of Vinyl
Ester Resin Systems,” Army Research Laboratory Technical Report, ARL-TR-2930,
March 2003.

e “Accelerated Insertion of Lightweight Materials into Military Vehicles”, with J.W.
Gillespie, Jr. Published on Proceedings CD and Presented at the 3" annual Lightweight
Materials for Defense, Arlington, Feb 28-March 2, 2005.

e "Overview of the Composite Body Parts Replacement Program”, S. Andersen, J.
Gillespie, MD J. Haque, D. Heider, N. Shevchenko, R. Siers, J. Sands, Presented at the
Defense Manufacturing Conference 2004, Las Vegas, November 29 - December 2, 2004.

e “An Overview of the Composites Replacement Parts Program for Military Tactical
Wheeled Vehicles”, with J. W. Gillespie, Jr., Dirk Heider, Nicholas Shevchenko, James
Sands, Randy Siers, Jamie Florence. Published in Proceedings of the American Society
for Composites Eighteenth Technical Conference, Gainesville, October 20-22, 2003.

Overall, the testing described in the above publications rigorously measured numerous aspects of
these materials including the four essential properties and benchmarks for this work: 1) Resin
viscosity, 2) Neat resin properties, 3) Composite properties, and 4) HAP emissions.

These publications are summarized below:

Three means of reducing the styrene emissions were proposed. First, styrene emissions can be
reduced by using a bimodal blend of vinyl ester (VE) monomers. Second, some or all of the
styrene monomer in VE and unsaturated polyester (UPE) resins can be replaced with low-
volatile petroleum or fatty acid-based monomers. Lastly, the use of a self-assembling vapor
barrier using surface-active dendritic polymers to suppress styrene emissions was investigated.
Characterization techniques, including FTIR and SEC, show that VE monomers with narrow
molecular weight distributions and bimodal blends of these monomers have been successfully
prepared. These bimodal blends have low resin viscosities while having high fracture and
thermal properties. Furthermore, these bimodal blends can be used to reduce the VOC emissions
from vinyl esters by ~20%.

Out of all the petroleum-based comonomers studied as styrene replacements, cyclohexyl
methacrylate has shown to be the most successful because its VE resins have low vapor pressure,
good thermo-mechanical, and acceptable viscosities. A number of synthetic procedures have
been developed to produce fatty acid-based monomers. These monomers are inexpensive, have
very low volatilities, and improved global sustainability. Results have shown that low molecular
weight and saturated fatty acid monomers yield resins with the lowest viscosities and highest
thermo-mechanical properties. However, thermal cure of fatty acid-based vinyl esters resulted in
polymers with properties inferior to that of commercial resins. Electron beam cure was used to
increase the performance of fatty acid-based vinyl esters. In addition, fatty acid monomers can
be blended with styrene to reduce the styrene content in VE resins while maintaining good
thermo-mechanical, fracture, and rheological properties relative to commercial vinyl ester resins.
The VOC emissions are reduced by 50-78% in these blends of VE, fatty acid monomers, and
styrene.
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Composites have been prepared from these low VOC resins. The properties of fiberglass-
reinforced composites were similar or superior for these newly developed low VOC formulations
relative to commercial resins.  Furthermore, large-scale composite structures have been
fabricated successfully using standard resin infusion techniques.

A macro-thermogravometric analyzer (macro-TGA) was developed to measure the styrene
emissions from vinyl ester resins because the results from more conventional techniques, such as
desorption gas chromatography and micro-TGA, had low reproducibility due to the small masses
involved. Emissions studies from the bimodal blends of vinyl ester monomers and commercial
VE resins display a characteristic elbow where the initial emission rate of styrene suddenly drops
to a much lower emission rate. The position of this elbow moved to higher volatile content
remaining as the number average molecular weight of the vinyl ester monomers increased. The
initial rate of emission was only dependent on the styrene content in the resin. However, overall
emissions were reduced by increasing the molecular weight of the vinyl esters used, as in the
bimodal blends. Overall, this technique shows that bimodal blends of vinyl esters and fatty acid-
based vinyl esters reduce emissions significantly relative to commercial resins.

Commercial dendritic polymers and triglycerides were investigated in their ability to form a self-
assembling vapor barrier to suppress styrene emissions. These dendritic polymers were
successfully modified with fluorine groups and vinyl functionality to induce surface migration to
reduce styrene emissions and to allow them to react into the polymer network. Although these
resins do reduce styrene emissions, their effect is small and takes a long time to reduce
emissions. In fact, commercial styrene suppressants also fail for this long time scale for styrene
emissions reductions, but these additives reduce styrene emissions to a much greater degree at
that point.

Overall, the program has been successful at identifying critical DOD environmental needs,
developing practical solutions to these requirements, and developing candidate resins for
reducing VOC emissions from VE resins for military applications. Future work must still be
done to validate the ability of these resins to produce high performance large-scale materials for
the DoD.

Vinyl ester resins are not easily produced at small scales. In addition, we were unable to partner
with large scale resin manufacturers in this effort. As a result, bimodal vinyl ester resins could
not be feasibly prepared in this work for demonstration/validation. As a result, all of the work
focuses on fatty acid vinyl ester resins. As was shown, this compromise also had some effect on
the performance of the fatty acid vinyl esters, but that was able to be overcome.

2.2.2 Composite Demonstration Articles

The ACO has performed lamina tests on vinyl ester and epoxies to examine the VARTM process
for the T-38 dorsal cover:

e Ed Bartling, “T-38 Dorsal Cover Resin Infusion,” Air Force Presentation, June 2005.
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Tensile per ASTM D3039, compression per ASTM D6691 and shear per ASTM D5379 have
been done. The six types of reinforcement fibers cloths with example processes were tested.
Fiber volume was also examined. This testing was done winter 2005 and these results can be
supplied as needed. The VARTM manufacturing process was successful and yielded a good
potential replacement part for the T-38 [15].

The CCM has rigorously tested VE composites for Army tactical vehicles and Marines
HMMWYV hardtop applications:

e “Accelerated Insertion of Lightweight Materials into Military Vehicles”, with J.W.
Gillespie, Jr. Published on Proceedings CD and Presented at the 3 annual Lightweight
Materials for Defense, Arlington, Feb 28-March 2, 2005.

e "Overview of the Composite Body Parts Replacement Program™, S. Andersen, J.
Gillespie, MD J. Haque, D. Heider, N. Shevchenko, R. Siers, J. Sands, Presented at the
Defense Manufacturing Conference 2004, Las Vegas, November 29 - December 2, 2004.

e “An Overview of the Composites Replacement Parts Program for Military Tactical
Wheeled Vehicles”, with J. W. Gillespie, Jr., Dirk Heider, Nicholas Shevchenko, James
Sands, Randy Siers, Jamie Florence. Published in Proceedings of the American Society
for Composites Eighteenth Technical Conference, Gainesville, October 20-22, 2003.

Technical data packages have been written for the M35A3. A far superior HMMWYV hood was
created for Army applications than the current as supported by various testing. This HMMWV
hood has been produced by TPl Composites and is qualified, available, and eligible as a
replacement part for HMMWV.

NSWCCD has characterized the properties of the composite system for MCM composite rudder
applications:

e B. Griffiths, “Rudder Gets new Twist with Composites, Composites Technology, August,
60-62 (2006).

e Roger Crane, “Low HAP/VOC Compliant Resins for Navy Composite Rudder
Application,” Newark, DE, March 2006.

The results indicate a large benefit with using either or both composite materials or a twisted
rudder design. Furthermore, the MCM composite rudder that has been in the field for over five
years with no sign of wearing and have received the praise of Navy officers and program
managers.

2.3  Advantages and Limitations of the Technology

The main advantage of the ARL/Drexel low HAP resins is their low HAP content while
maintaining low resin viscosity, and high fracture properties. For the FAVE resin, low part
shrinkage and partly renewable chemical make-up is also an advantage. Cost and thermal
properties are likely to be the primary draw-backs to the FAVE resin, especially when produced
at smaller scales. FAVE-O resins and those using Novolac vinyl esters improve the thermal
properties, but also increase the cost. Therefore, it is possible that these resins will not be able to
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replace commercial resins for composite parts that must meet high temperature requirements.
Cost and difficulty with resin production are the main disadvantages to the BMVE resin.
However, cost should not be a factor for the BMVE resins when it is produced at a commercial
scale.

There are several factors that can impact the start-up and recurring cost of the ARL/Drexel low
HAP resins. The main cost driver is that the FAVE and BMVE resins were produced on a small
scale relative to that of commercial composite resins. Larger scale machinery, chemical
reactants, etc. would lower the cost. This could easily occur if a large resin supplier licensed and
produced this technology. The cost of the glycidyl methacrylate, one of the reactants used to
produce the fatty acid monomers, is currently high due to high petroleum costs and has a strong
effect on resin cost. The fatty acid type also affects the cost. Shorter fatty acids such as octanoic
acid are more expensive than longer acids, such as lauric acid. Novolac resins are more
expensive than bisphenol A-based vinyl ester resins. Therefore, the required use of either of
these higher performance resins affects the cost.

The DoD will not have to invest any capital costs for these resins. Resin producers will make
these resins as drop-in replacements for commercial vinyl ester and unsaturated polyester resins.
The resin cost per pound may be more for the low HAP resins, but life-cycle analysis shows that
they are competitive based on cradle-to-grave cost differences. Part of this cost is associated
with monitoring emissions, capital and operating expenses associated with capture and scrubbing
equipment to remove emissions from the air. These low HAP resins should not require capture
and scrubbing equipment, but require costs for monitoring emissions. Traditional vinyl esters
should require these capital and operating expenses. However, the cost for these is not well
established, but is calculated in section 7.0. Additionally, the cost associated with fines and
facility shut-down has also not been determined.

Performance could be affected by the quality of the fatty acids used to produce the resins, proper
mix ratios of reactants, and proper mix ratios of the blend components. Quality control was
established during this project to ensure these are a non-factor. Shelf-life has a strong effect on
resin performance after ~9-12 months. However, testing has shown that these resins have a
superior shelf-life relative to commercial resins. Unfortunately, we had not previously done
ample studies on these low HAP resins to examine the effect of UV radiation and moisture on
performance. These factors were measured during this demonstration.
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3.0 PERFORMANCE OBJECTIVES

There are numerous performance objectives for this project. The initial performance objective is
to demonstrate the scale-up of the MFA monomers (Table 1) and low HAP resins (Table 2). The
low HAP resin was then demonstrated/validated for applications in Army hood applications
(Table 3), HMMWYV transmission container (Table 4), Marines HMMWYV hardtop (Table 5), Air
Force T-38 dorsal cover, F-22 canopy cover, and splash mold (Table 6), and Navy composite
rudder (Table 7).

3.1 Resin Quality Control

It is possible that the MFA monomers are not completely reacted after the scaled-up process.
Also, incorrect mix ratios of reactants or components can be used to create resins with incorrect
formulations. As a result, quality control of these resins is necessary to validate the scale-up of
these resins and to assure uniformity of the resins from batch to batch for other DoD composite
demonstrations.

Because of the simplicity of the FAVE reaction and the much greater potential to reduce HAPS,
the FAVE-L resin is the base resin that was tested for all DoD applications. However, the
FAVE-O, FAVE-L-25S, FAVE-O-25S, FAVE-L-HT, and FAVE-O-HT resins were utilized for
the given DoD applications.

The quality control of resin scale-up was tested using a set of five tests as described in the JTP.
ASTM D1980 was used to access the acid number of MFA monomers and resins. This test
determined whether there is too much free acid remaining in the system, which indicated
incomplete conversion of the reactants into the MFA and VE monomers. FTIR testing was used
to determine the presence of unreacted epoxy groups. Unreacted epoxy groups indicate
incomplete conversion of the reactants in the MFA and VE monomers. NMR was used to
determine various chemical aspects of the resins. First, the quantity of unreacted epoxy groups
was measured. The ratio of methacrylate groups to VE or MFA monomers was quantified.
Also, the molar ratio of VE to styrene in BMVE resins or VE/MFA/Styrene in FAVE was
quantified. Lastly, a rheometer was used to measure this viscosity of the MFA monomers and
resins at 25°C. Too high of a viscosity indicates side reactions occurred that degrade the resin
properties and processability. SEC was used to determine the content of high molecular weight
species in the MFA monomers, FAVE resins, and BMVE resins.

The engineering requirements for which the tests in this JTP were chosen are the following:
e Monomer acid number — high acid number indicates incomplete reaction
e Resin acid number — high acid number indicates incomplete reaction

e Monomer viscosity — high resin viscosity indicates side-reactions occurred that
degrade the monomer and resin properties.

e Resin viscosity — high resin viscosity hurts the ability to process the resin and form a
good composite.
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¢ No unreacted epoxy — unreacted epoxy indicates the MFA or BMVE reaction was not

run to completion.

MFA resin.

e Correct reactant ratios — A methacrylate to fatty acid ratio of 1:1 is desired for
complete reaction and optimum resin properties.

This degrades resin performance and increases toxicity of the

e Correct VE MW — Low molecular weight vinyl esters are desired to reduce resin
viscosity.

e Correct VE/MFA/styrene ratio — Resins formulations have been established with
optimum properties. Changing the formulation affects the properties.

o Gel time - ability to vary the gel time from as short as 15 min to as long as 4 hrs.

Table 1: Common Performance and Testing Requirements for the FAVE monomer

Results

Performance Data
Requirement Requirement Success Criteria
Acid number ASTM D1980- Acid number < 20
87
Viscosity at Viscometer, Viscosity < 80 cP at 25°C (MLau)
25°C rheometer Viscosity < 70 cP at 25°C (MOct)
Unreacted FTIR, NMR No epoxy present
Epoxy
Correct NMR Methacrylate to FA ratio of 1:1

reactant ratios

(+0.05, -0.1)
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Table 2: Common Performance and Testing Requirements for the FAVE Resin

Performance Data

Requirement Requirement Success Criteria Results
Acid number ASTMD1980- Acid number <5
87

Viscosity at 25°C | Viscometer, Viscosity < 1000 cP at 25°C

rheometer
Unreacted Epoxy | FTIR, NMR No epoxy present
Correct reactant NMR Methacrylate to FA ratio of 1:1
ratios (+0.05, -0.1)

Correct VE MW NMR, SEC VE MW < 700 g/mol (Bisphenol
A)
VE MW < 900 g/mol (Novolac)

Correct NMR, SEC | VE to MFA to styrene ratio should
Component be + 5% based on desired
ratios formulation
Gel Time ASTM D2471- | Variable gel time from 10 min -5
99 hrs

Production scale- | Production Pass individual tests described in
ability of low scale-ability of | JTP
HAP resins low HAP

resins

Obijectives for any of the HMMWYV hood, M35A3 hood, and M939 hood are to meet or exceed
all relevant performance parameters of the material system without an increase in weight.
Because both the M35A3 and M939 hoods were validated, the HMMWYV hood was not
demonstrated in this work. However, the validation results for the FAVE resin show that FAVE
should be valid for HMMWYV hood applications.

In the static load experiments, a 250 Ib weight was placed over a 3” x 3” area at the center and
front center of the hood to simulate a soldier standing on the hood. 250 Ib load applied to the
outside surface over a maximum 10”x10” area. The load was applied at the center and front
areas of the hood. The deflection was measured at the point of application of the load but on the
opposite surface. Plot of load vs. deflection was obtained. The hood is required to deflect no
more than 0.25” at -50°F and 0.5” at 250°F and sustain no damage. The durability requirement
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is for the hood to resist all damage from a 250 Ib force downward at the center of the hood
followed by 100,000 cycles at 1 cps to simulate a cyclic soldier load on the hood for the lifetime
of the vehicle. Upon completion a plot of load vs. deflection was obtained. The flexural
properties must be such that when an upward force of 50 Ibf at the right and left corners will not
cause any damage to the part and not result in greater than 0.5” deflection (Figure 22). An
upward load was applied at the corner lift handles. The center latch was engaged and both right
and left sides was tested (separately). Displacement of the hood corner above the fixture was
measured. Plots of load vs. deflection was obtained. The lifting load will not exceed 100 Ibs.
The structure must withstand cyclic corner loads. 50 Ib upward loads was applied at the corner
lift handles with the center latch engaged. The loads was applied in alternating fashion (right
then left) over a 8 hour period at 10 cycles per minute. Upon completion, plots of load vs.
deflection were obtained. These tests simulate a lifetime of lifting the corners of the hood. The
impact resistance was quantified by dropping a 2 Ib chrome plated steel ball with 2-3/8” diameter
from six feet onto the hood. The ball was dropped on six different locations to ensure toughness
across the structure, as only insignificant cosmetic damage is considered acceptable. The hood
must also be able to be manufactured via VARTM, and thus there are processing requirements.
The hood also must fit the truck once fabricated. In addition, some basic properties must be
achieved in composite laminate coupons.

Table 3: Performance objectives for Army hoods with appropriate fabric reinforcement for

application
Type of Primary Performance Criteria Expected Actual Performance
Performance Performance
Objective (Metric)
Quantitative Dry Tg4 through DMA test > 250°F
Quantitative Wet Ty through DMA test > 225°F
Quantitative Flexural Strength at RT (ASTM > 55 ksi
D790)
Quantitative Flexural Strength at 250°F (ASTM > 30 ksi
D790)
Quantitative Flexural Modulus at RT (ASTM > 3.7 Msi
D790)
Quantitative Flexural Modulus at 250°F (ASTM > 3.0 Msi
D790)
Quantitative SBS Strength at RT (ASTM D2344) | > 4.5 ksi
Quantitative SBS Strength at 250°F (ASTM > 3.0 ksi
D2344)
Quantitative Top center loading
- HMMWV Hood < 0.5” deflection
- M35A3 Hood < 0.5” deflection
- M939 Hood <0.5” deflection
Qualitative Top center loading
- M939 Hood No damage
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- M35A3 Hood No damage

- M939 Hood No damage
Quantitative Top front loading

- HMMWYV Hood <0.5” deflection

- M35A3 Hood < 0.5” deflection

- M939 Hood <0.5” deflection
Qualitative Top front loading

- M939 Hood No damage

- M35A3 Hood No damage

- M939 Hood No damage

Quantitative

Driver/passenger flexural static lifts
- HMMWYV Hood

> 50 Ib for 0.375”

Not performed

Not performed

Not performed

Quantitative

Top front loading after cyclic testing

- M35A3 Hood > 50 Ib for 0.375”
- M939 Hood > 50 Ib for 0.375”
Qualitative Driver/passenger flexural static lifts
- HMMWV Hood < cosmetic damage
- M35A3 Hood < cosmetic damage
- M939 Hood < cosmetic damage
Qualitative Impact Resistance
- HMMWV Hood < cosmetic damage
- M35A3 Hood < cosmetic damage
- M939 Hood < cosmetic damage
Qualitative Cyclic Hood Testing — Top center
Loading
- HMMWV Hood no damage
- M939 Hood no damage
- M35A3 Hood no damage
Qualitative Cyclic Hood Testing — Passenger and
driver corners
- HMMWV Hood no damage
- M939 Hood no damage
- M35A3 Hood no damage
Quantitative Top center loading after cyclic testing
- HMMWV Hood < 0.5” deflection
- M35A3 Hood <0.5” deflection
- M939 Hood < 0.5” deflection
Qualitative Top center loading after cyclic testing
- M939 Hood No damage
- M35A3 Hood No damage
- M939 Hood No damage
d

- HMMWYV Hood
- M35A3 Hood
- M939 Hood

< 0.5” deflection
< 0.5” deflection
< 0.5” deflection

Qualitative

Top front loading after cyclic testing
- M939 Hood

No damage

Not performe
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- M35A3 Hood No damage
- M939 Hood No damage
Quantitative Driver/passenger flexural static lifts
after cyclic testing
- HMMWV Hood > 50 Ib for 0.375”
- M35A3 Hood > 50 Ib for 0.375”
- M939 Hood > 50 Ib for 0.375”
Qualitative Driver/passenger flexural static lifts
after cyclic testing
- HMMWV Hood < cosmetic damage
- M35A3 Hood < cosmetic damage
- M939 Hood < cosmetic damage
Qualitative Resin fills part in allotted time
- HMMWV Hood Fabricator approval
- M939 Hood Fabricator approval
- M35A3 Hood Fabricator approval
Qualitative Resin gels in correct amount of time
for hood
- HMMWV Hood Fabricator approval
- M939 Hood Fabricator approval
- M35A3 Hood Fabricator approval
Qualitative Resin fully wets fibers for hood
- HMMWV Hood Fabricator approval
- M939 Hood Fabricator approval
- M35A3 Hood Fabricator approval
Qualitative Field Test Hood
- HMMWV Hood Depot approval
- M939 Hood Depot approval
- M35A3 Hood Depot approval

The HMMWYV transmission container must be able to withstand the damage associated with
shipping. Thus fully loaded containers was tested under field trials and using lab validation

scenarios that would be experienced in fielding environments.

These include dropping the

container from a height, stacking the containers, dropping items onto the container, and tipping
over the container. In addition, some basic properties must be achieved in composite laminate

coupons.

Table 4: Performance objectives for HMMWYV transmission container with appropriate fabric

reinforcement for application

Type of Primary Performance Expected Performance | Actual Performance
Performance Criteria (Metric)
Objective
Quantitative Dry T4 through DMA test | > 200°F
Quantitative Wet Tq through DMA test | > 180°F
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Quantitative Flexural Strength at RT > 55 ksi
(ASTM D790)

Quantitative Flexural Modulus at RT > 3.7 Msi
(ASTM D790)

Quantitative SBS Strength at RT > 4.5 Ksi

(ASTM D2344

Qualitative Resin fills part in allotted Fabricator comments and
time approval
Qualitative Resin gels in correct Fabricator comments and
amount of time approval
Qualitative Resin fully wets fibers Fabricator comments and
approval
Qualitative Field test of container User comments
Qualitative Edgewise drop, before and | No permanent deformation,
after fielding separation of
reinforcements or cracks
observed
Qualitative Cornerwise Drop, before No permanent deformation,
and after fielding separation of
reinforcements or cracks
observed
Qualitative Tip Over, before and after | No permanent deformation,
fielding separation of
reinforcements or cracks
observed
Qualitative Trans. Container external <0.22” deformation
pressure <0.09% in plane strain
Qualitative Impact, before and after No permanent deformation,
fielding separation of
reinforcements or cracks
observed in the container
composite structure.
Qualitative Flatwise Drop, before and | No permanent deformation,
after fielding separation of
reinforcements or cracks
observed
Qualitative Stacking, before and after | No slippage was observed

fielding

and the fork truck was able
to perform this task
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Qualitative Concentrated Load No permanent deformation,
Resistance, before and separation of
after fielding reinforcements or cracks
observed.
Qualitative Impact Resistance, before | Insignificant/minor
and after fielding cracking of the resin. No
permanent deformation.
Qualitative Field Test, before and after | Depot Inspector comments
fielding

Objectives for the Amtech HMMWYV ballistic hardtop are to meet or exceed all relevant
performance parameters of the material system without an increase in weight. Note the 3000
mile durability test and the ballistics performance of the sandwich coupon were not performed.
This is because testing done on other platforms and coupons validated the part without need for
these tests.

The APG ballistics range was utilized to determine V50 numbers for the composites used for
Army and especially Marines applications. The samples must meet V50 Level Illa at ~4psf, V50
Level 111 at ~12psf, and V50 Level 111 in sandwich configuration with HJ1 phenolic core — total
AD ~10.5psf. Because the durability testing was not done, fatigue testing results were added to
the matrix to ensure adequate fatigue performance of the resin. In addition, some basic
properties must be achieved in composite laminate coupons.
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Table 5: Performance objectives for Marines HMMWYV hardtop

Type of Performance

Primary Performance

Expected Performance

Actual Performance

Objective Criteria (Metric)
Quantitative Dry Tg4 through DMA test | > 250°F
Quantitative Wet T4 through DMA > 200°F

test
Quantitative 4 Point Bend Static > 9000 Ibs
Sandwich Testing
(ASTM D 6272-98)
Quantitative 4 Point Bend Fatigue > 500,000 cycles
Sandwich Testing
(ASTM D 6272-98) at
5000 Ibs, R=0.1 at 1 Hz
Quantitative SBS Static Sandwich > 2 ksi
Testing (ASTM D2344)
Quantitative SBS Fatigue Sandwich > 500,000 cycles

Testing (ASTM D2344)
at 1.1 ksiatR=0.1at1
Hz

Qualitative Ballistic Coupon Testing | V50 Level Illa at ~4 psf
V50 Level Il at ~12 psf
V50 Level 111 in sandwich
configuration with HJ1
phenolic core — total AD
~10.5 psf
Qualitative Hardtop 3000 mile off- Depot inspector comments
road test
Qualitative Resin fills part in allotted | Fabricator comments and
time approval
Qualitative Resin gels in correct Fabricator comments and
amount of time approval
Qualitative Resin fully wets fibers Fabricator comments and
approval
Qualitative Fatigue testing Similar or better than

incumbent resin

Not Tested

Testing not performed

The Air force parts must be processable resins with moderate property requirements. They must
be able to form rigid parts that maintain their performance in ambient conditions.
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Table 6: Performance objectives for Air Force T-38 dorsal cover, splash molds, and F-22 canopy

cover.
Type of Primary Performance | Expected Performance | Actual
Performance Criteria (Metric) Performance
Objective
Qualitative Resin fills part in Fabricator comments
allotted time and approval
Qualitative Resin gels in correct Fabricator comments
amount of time and approval
Qualitative Resin fully wets fibers Fabricator comments
and approval
Qualitative Flight Test Depot Inspector Flight test did
comments and approval | not occur
Qualitative Flight Test Rigid structure that

maintains shape at
fielding temperatures

Resins used for Navy rudders must have properties to enable them to work at high shears where
potentially high local temperatures are achieved. The composites must also perform well in wet
environments. The resins must be processable to form a large composite part.

Table 7: Performance objectives for Navy composite rudder

Type of Primary Performance | Expected Performance | Actual
Performance Criteria (Metric) Performance
Objective
Quantitative Wet T, through DMA >100°C
test
Quantitative Water absorption <5 wt%
Quantitative SBS Strength at RT > 5.3 ksi
(ASTM D2344)
Quantitative SBS Strength at RT — > 5.3 ksi

Wet (ASTM D2344)

Quantitative

Tensile Modulus at RT
(ASTM D638)
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-0° > 2.7 Msi
-90° > 1.9 Msi
Quantitative Tensile Strength at RT
(ASTM D638)
-0° > 52 ksi
-90° > 37 ksi
Quantitative Tensile Modulus at RT | > 2.6 Msi
— Wet (ASTM D638)
Quantitative Tensile Strength at RT — | > 40 ksi
Wet (ASTM D638)
Quantitative Compressive Modulus
at RT (ASTM D695)
-0° > 2.7 Msi
-90° > 2.3 Msi
Quantitative Compressive Strength at
RT (ASTM D695)
-0° > 42 ksi
- 90° > 38 ksi
Quantitative Compressive Modulus | > 2.0 Msi
at RT —Wet (ASTM
D695)
Quantitative Compressive Strength at | > 41 ksi

RT - Wet (ASTM

D695)
Qualitative Field test Depot Inspector
comments
Qualitative Resin fills part in Fabricator comments
allotted time and approval
Qualitative Resin gels in correct Fabricator comments
amount of time and approval
Qualitative Resin fully wets fibers Fabricator comments

and approval
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4.0 SITE/PLATFORM DESCRIPTION
41  TEST PLATFORMS/FACILITIES
4.1.1 Replacement Parts for Army Tactical Vehicles

The tactical vehicle parts targeted in this project impact the HMMWYV platform and M35A3
platform. Damage of the HMMWYV transmissions during shipment is a large issue for depots in
the U.S. and overseas. RRAD has experience with fixing, and replacing transmissions, and is a
potential customer for the transmission box. The Center for Composite Materials designed and
validated the box, showing that it can sustain moderate impacts without being damaged [16].
The SMC hoods for HMMWY are always cracking and in need of replacement. Again, RRAD is
heavily involved in replacing and repairing these hoods. A more durable hood such as the
vacuum infused hood using low HAP VE resins would be a more durable replacement. The
M35A3 metallic hoods have to be repaired for corrosion issues on a regular basis [17].
Replacing the metallic hoods with a composite hood would reduce the logistical burden on Army
depots, such as RRAD. The CCM designed and demonstrated both the VARTM HMMWYV hood
and M35A3 hood [18,17]. The current composite replacement M35A3 hood is also
approximately 25% cheaper than the equivalent steel hood, but with significantly greater
performance, and 40% less weight [17].

The CCM developed composite replacement hoods for the M35 truck and M939 along with
Sioux Manufacturing Corp. (SMC) [17]. A few years ago, during a recap/reset, the M35 received
a new drive train. Unfortunately, the new power train did not fit within the existing hood [17].
As a result, the steel hood was cut into two separate pieces and a spacer piece was placed in
between and a steel strip was placed at the back of the hood to fit the new engine. The four
pieces were riveted together. Unfortunately, this leads to high corrosion rates of the hood,
requiring a lot of maintenance work (Figure 9). Sheet molding compound hoods fracture very
easily and are not meant to take the loads soldiers would put on them by standing and jumping
on them [17]. Thus, the CCM vacuum infused M35A3 hood and HMMWY hood to solve the
problems associated with the previous hood designs and have excellent performance [17,18].
Both hoods use vinyl ester or epoxy resin as the matrix and meet all load, cyclic loading,
flexural, thermal, and impact properties. The M35A3 hood uses 18 Ibs resin with an estimated
production of 8000 units over a ten year period [17].

29



Figure 9: Riveted hood of M35 results in fast corrosion failure of the hood.

The part designs for the M35A3 hood demonstration is illustrated in Figure 10 [17]. The M939
is a very similar design, but must fit to a different contour and in particular have longer sides
[16]. Both hoods used a single ply of 96 oz E-glass fibers with 2”x3” PVC foam stiffeners.
There was a 2” wide border band of an additional 24 oz plies placed along the edge and where
the hood is hinged to the truck to reinforce these areas.

Figure 10: Part design for M35A3 hood.

The CCM designed replacement HMMWYV hoods with TPl Composites. The existing SMC
HMMWY hoods fracture and fatigue very quickly due to soldiers standing and jumping on them
while in battle, or doing surveillance, or maintenance [18]. Thus, the CCM vacuum designed
and vacuum infused the HMMWYV hood to solve the problems associated with the previous hood
designs and have excellent performance [18]. Both hoods use vinyl ester or epoxy resin as the
matrix and meet all load, cyclic loading, flexural, thermal, and impact properties. The HMMWV
hood uses 20 Ibs resin with an expected production of 1800/month.

Figure 11 shows the part design for the HMMWYV hood [18]. The HMMWYV hood is made from
a three dimensional preform. The composite hood is molded using this preform. After resin
cure, a separately molded stiffener network is bonded to the preform part. The bulk of the
HMMWYV hood is about as thick as the M35A3 hood, and both use E-glass fiber reinforcement.
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Figure 11: Part design for the HMMWYV hood.

HMMWYV transmissions are shipped into theatre using foam and cardboard shipping containers.
Due to the poor structural properties of these shipping materials, the transmissions are often
damaged during shipping [16]. In most cases, the transmissions are return-shipped from theatre
on base wood pallets, which further exposes them to significant damage. RRAD has explored
the use of metal shipping containers, but corrosion issues and the maintenance required makes
this route unfeasible. The CCM has recently developed a vinyl ester-based shipping container to
meet all of the packaging requirements to prevent transmission damage during shipment [16].
These containers meet high strength, impact, and thermal requirements. These containers use 35
Ibs resin each with an estimated production of 5000 units [16].

The original HMMWYV transmission container part design is illustrated in Figure 12 [16]. A
modified version was developed during the course of the project and is pictured elsewhere. The
container weighs 140 Ibs empty and 305 Ibs loaded with the transmission. Outer dimensions are
43 5/8” length x 30 5/8” width x 28 7/8” height [16]. These parts are molded in only two steps,
with the lid being made independently of the base. The transmission container also used E-glass
fiber reinforcement.
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Figure 12: Part design for HMMWYV transmission container.

The University of Delaware’s Center for Composite Materials, located in Newark Delaware, has
been an international leader in composites science and engineering research, education, and
industrial collaboration for 30 years. Founded in 1974, UD-CCM was one of the first centers at
the university and is currently one of nine research centers in the College of Engineering. UD-
CCM attracts faculty and students from the Departments of Chemical Engineering, Materials
Science & Engineering, Civil & Environmental Engineering, Electrical & Computer
Engineering, and Mechanical Engineering, as well as from the Departments of Mathematics,
Physics & Astronomy, and Chemistry & Biochemistry in the College of Arts & Science and
from the Accounting & MIS Department within the College of Business & Economics. Since
1986, UD-CCM’s programs and initiatives have been designated “Centers of Excellence” six
times by the National Science Foundation (NSF) and the Department of Defense (DoD).

UD-CCM’s research philosophy encourages faculty, post-docs, professionals, and students from
different science and engineering disciplines to work in a collaborative environment to meet the
research needs of our sponsors. Six research thrust areas describe Center interdisciplinary
research in composites. The center’s researchers conduct world-class research in each of these
areas but also work in research teams at the interface between these disciplines to design and
optimize new materials and processes that deliver performance and affordability. The center’s
unique manufacturing science laboratory provides facilities for synthesis of new materials,
chemical and mechanical characterization from the nanoscale to large-scale structures,
computation, design and re-engineering and manufacturing work-cells on existing and next-
generation processes that are ready for transition to our sponsors.
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The three Centers of Excellence and other funding sources provide significant leverage to the
center’s industrial sponsors. Companies of all sizes currently benefit from our commitment to
technology transfer, which provides them with new ideas, new technologies, problem-solving
capabilities, and access to potential employees with the capability to make immediate
contributions.

Red River Army Depot, located 18 miles west of Texarkana, Texas, in the northeast corner of
Texas, is one of our nation's largest defense depots in terms of people and workload, with a
combined population of almost 2,822 employees including tenants. The workforce on the Red
River complex is drawn from throughout the Four States region: Texas, Arkansas, Oklahoma,
and Louisiana.

The depot's enormous maintenance mission includes the repair, rebuild, overhaul and conversion
of tactical wheeled vehicles, as well as the Army's light tracked combat vehicle fleet, including
the Bradley Fighting Vehicle System, the Multiple Launch Rocket System, and their associated
secondary items. Vehicles depart the depot's modernized maintenance facility in "like new"
condition. Among our technical resources, RRAD has the capability to design, fabricate and
manufacture a wide range of intricate items, ranging from specialty parts to unique prototype
vehicles needed by its customers.

In recent years, Red River Army Depot has been recognized as a leader in developing and
implementing quality-based processes into daily activities, as encouraged by the National
Performance Review for all Federal activities. With its largely blue-collar workforce, the depot
was a recipient of the National Partnership Award for 1996, reflecting the growth and
involvement of the union-management partnership in effect at the base. Red River was also
named one of 13 winners of the Army Communities of Excellence Award in 1996, and ACOE
Runner-Up in 1998. RRAD earned a Quality Improvement Prototype Award from the National
Performance Review in 1995. The awards are part of an on-going quality journey at Red River,
intended to maintain the depot's position as a competitive industrial complex excelling in quality
products and services to our customers.

The mission of RRAD is:

e Conduct (Light) Ground Combat and Tactical Systems Sustainment Maintenance
Operations, Air Defense Systems Certification, and Related Support Services Worldwide
for the US Armed Forces and Allied/Friendly Nations.

e Train and Employ the Army's Emerging Component Repair Companies.

e Provide Essential Base Support Services to Red River Industrial Complex Missions.

e Be an Active and Viable Partner in Bowie County, the Greater Texarkana community,
and the Four States Area at Large.

4.1.2 Marines Ballistic Helmet Hardtop for HMMWV

The Marines have been using a non-ballistic HMMWYV hard-top for communications platforms
that was developed with the Amtech Corporation (Figure 13). Amtech has over 15 year’s
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production experience with this part. However, was a need for added ballistic protection and a
new process method [16]. Along with Amtech, the CCM developed and demonstrated a ballistic
helmet HMMWYV hardtop [16]. The part exceeds all ballistic and structural requirements and
has a relatively low cost [16]. The CCM also improved the process design by making it a
vacuum infusion process to reduce emissions [16]. However, the part originally used Derakane
8084 as the matrix resin, which is a toughened vinyl ester containing 40 wt% styrene [16].
Because this resin does not meet NESHAP requirements, this would be an excellent
demonstration of the environmentally friendly FAVE and/or BMVE technology. Furthermore,
because of the high toughness of these low VOC replacements and good properties, we expect
successful development of this low VOC/HAP HMMWYV ballistic hardtop. The Marines and
Army Communication platforms are the targeted application. The weight of resin used per part
is 220 Ibs with an anticipated production of 40/month for 8800 Ibs resin/month.

Figure 13: The Amtech ballistic hardtop mounted on HMMWV.

HMMWYV is a widely used platform in the Army and Marines. Amtech sells their HMMWV
hardtops to the military for communications and other applications. These hardtops do an
excellent job of EMI shielding, while keeping the vehicle non-descript to keep it from being a
primary target for enemy fire. Unfortunately, traditional HMMWYV hardtop designs did not
protect well against small arms fire and needed to have add-on armor Kits attached when used in
dangerous situations. This increased the weight on the HMMWYV, limiting its effectiveness. The
HMMWYV helmet hardtop provides small arms ballistics protection, while still giving excellent
EMI shielding character. Furthermore, the overall structure is far lighter than armored hardtop
designs for HMMWYV with communication equipment.

4.1.3 Composite Parts for Air Force Applications

The T-38 is a legacy aircraft used for training purposes at Hill AFB. The problems with dorsal
cover for this platform arose during an Avionics Upgrade which converts 400 aircraft to T-38
“C” model [15]. Upgrade includes “glass cockpit” and adds GPS capability with GPS antenna
attached to the dorsal cover. During installation of the GPS antenna, many of the dorsal covers
were found to be damaged (Figure 14). Some minor damage is repairable but some covers have
damage that is beyond repair, so these covers need to be replaced [15]. Spare cover supply was
exhausted; no covers can be ordered because they are no longer manufactured, and no tooling
was available for new manufacture. Being a legacy aircraft, there were no available replacement
parts. As a result, the Hill AFB Air Logistics Center was spending more time than desired in
fixing and replacing dorsal covers. Furthermore, polyester composites used to make the dorsal
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covers were molded through a hand lay-up, which would result in high emissions during
composite fabrication if replicated.

DISBOND

EDGE
DELAMINATION

\

Figure 14: Damage that occurs with current UPE-based dorsal covers for T-38.

During the initial start of Systems Project Office (SPO) assistance in the 2003 timeframe, the
ACO designed and procured tooling for use during repair. To relieve an immediate shortage, the
ACO repaired 3 covers that were damaged beyond field repair limits. T-38 SPO needed to start
up new procurement effort for additional parts. The current drawing for the cover specifies
polyester/fiberglass/phenolic honeycomb and hand fabrication. Configuration control of the
existing covers is questionable, as there appear to be covers in use made from epoxy as well as
polyesters. This lack of configuration control means it is difficult to adequately baseline the
properties of existing covers.

One approach for replacement parts is to perform a new build with autoclave/pre-
preg/honeycomb and utilize current inventory materials for F-16 fiberglass pre-preg/film
adhesive/honeycomb and autoclave processing. The use of F-16 qualified materials would
shorten the acceptance of new material systems on the T-38. The ACO repair tooling would be
used. However, this approach was determined to be too costly. Therefore, the ACO proposed a
new approach using VARTM utilizing similar materials to the original; glass fabrics, room
temperature processing with polyester, vinyl ester, or epoxy resins. The tooling that was made
for repair is easily usable for the VARTM process.
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The part design for the T-38 dorsal cover is shown in Figure 15. A few types of E glass fiber are
used for this piece: E-BX 1200-10, Style 7781 Satin weave, Vector ply stitched biaxial, E-BX
1700-5, Style 120 satin weave, warp 60, fill 58, 3.16 oz/yd"2. Some Kevlar reinforcement is
used for the edges: Style 353 crowfoot warp 17 fill 17, 5 oz/yd Aramid. Lantor SORIC XF1004
infusible core material is used in the core alone. This proposed VARTM dorsal cover was
accepted by the SPO by 2010. Most validation of this part was done through composite panel
testing, including modulus, strength, and interlaminar shear strength measurements. In addition,
the full composite part was fabricated and flight tested.

Figure 15: Part design for T-38 dorsal cover.

The ACO also demonstrated/validated the FAVE resins for other repair applications. These
included the F-22 canopy cover and splash molds. These applications are additional
demonstration/validation platforms that were not originally proposed or discussed in the
technical demonstration plans.

The Air Force F-22 program office came to the ACO and requested that this office design and
build a prototype of an F-22 canopy cover. The program office requested the canopy cover
prototype, because the aircraft has to deal with the various rugged environments throughout the
world, which damage the canopy. The F-22 canopy is made up of multiple materials, stacked in
layers, which give the jet the capability of being undetectable by enemy radar. These layers are
very thin films and coatings which are very sensitive to any outside influence. These layers can
be damaged by the elements and prevent the aircraft from being able to maintain maximum
stealth capacity. Since the F-22 relies very heavily on its ability to be undetectable by radar, any
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degradation in this capability could significantly decrease mission effectiveness. Currently, the
program office’s biggest concern is the hazardous weather that comes with the jets being
stationed at Elmendorf AFB, AK. Elmendorf AFB, in the city of Anchorage, AK, sees very
extreme cold weather conditions. These very extreme cold weather conditions include ice, halil,
strong winds, rain, sleet, and snow. These extreme weather conditions wreak havoc on the very
thin sensitive coatings of the canopy cover. Ice, the biggest concern, proves to be a problem
when aircraft maintainers attempt to remove ice buildup from the canopy. The de-icing solution
used on the rest of the aircraft to remove the ice also damages the coatings on the canopy. When
the aircraft maintainers attempt to scrape off the ice off the canopy it damages the coatings as
well. Intense heat could be used to melt the ice, but it is a long process in sub zero weather, and
if too much heat is concentrated on any one area the canopy it could damage the coatings on that
area. The F-22 program office thought the best way to protect the canopy was to place a cover
on it, which would act as a barrier from the outside elements.

The ACO was approached by the C-5 program office at Warner Robins AFB and asked to
develop a process for a rapid splash molding tooling system. This process was required to create
a splash tool from any area of the aircraft, which could then be used to create a repair part.
When an aircraft is damaged, a repair must be fashioned to get it back on flying status.
Currently, the Warner Robins maintenance workers are using a hand layup technique to create
the splash tool for the repair, which takes several days to a couple of weeks. When one aircraft
is damaged they have to create a splash tool off a non damaged aircraft. This process grounds
the non-damaged aircraft until the splash is made. This grounding of a flight capable aircraft for
such extended periods of time has a severe negative impact on the operational capability of the
flying unit. The impact to operational capability spurred the need for a quicker splash tooling
process in order to get both aircraft back on flying status much quicker. Some of the areas on
which the splash must be made, underneath a wing or on a vertical tail, can be very difficult for a
hand layup process due to the effects of gravity pulling the fiber pack away from the surface.
The hand layup method currently used by the maintainers, involves placing 2-3 plies (layers)
covered with resin on at a time, letting them cure, and repeating the process until they get the
desired tool thickness (usually 20-30 plies). It can take a whole day for each of these 2-3 ply
section to fully cure and be ready for the application of the next section. This cure time causes
the entire process to be very slow and inefficient. A quicker process would not only save
maintenance time, but allow the aircraft to fly more missions. The ACO decided explore
producing molds using a VARTM process. This method is very beneficial due to its quick
manufacturing time, good fiber compaction, and better fiber to resin ratio, which leads to
increased mechanical properties and reduced weight. The ACO would design and develop a
process, and build a demonstration splash tool to show the effectiveness of the VARTM process.

The Advanced Composites Office was established at the Sacramento Air Logistics Center,
McClellan AFB, CA, on July 25, 1983 at the direction of Headquarters USAF. We are now an
operating location of the Air Force Research Laboratory, Materials and Manufacturing
Directorate, Wright-Patterson Air Force Base, located at the Ogden Air Logistics Center, (OO-
ALC), Hill Air Force Base, UT.
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The objectives of the ACO are:

e To establish a capability within the Air Force to apply advanced composites technology
to the solution of aerospace and ground vehicle structural/service life problems.

e To transfer the knowledge and expertise in the use of advanced composites and the
maintenance of existing advanced composite structures to Air Logistics Centers and
operational commands throughout the Air Force. In this role, ACO is required to
continually survey industry and academia to efficiently exploit advanced technology.

4.1.4 Navy Composite Rudder

NSWCCD developed the composite rudder as a solution to the cavitation problems that quickly
causes severe damage to metallic rudders (Figure 16). The far smoother composite design
allows for much higher speeds before cavitation occurs. Furthermore, removal of paint during
cavitation in metal systems accelerates corrosion rates to compound the problem, while this is
not the case for composites systems that have negligible corrosion rates.

Figure 16: Photographs of cavitation damage on metallic straight rudder and metallic twisted
rudder, which occur at lower speeds that the composite counterparts.

The composite twisted rudder (CTR) was designed to minimize cavitation/erosion problems
associated with standard rudders [19] (Figure 16). This rudder designs allow for even higher
speeds before cavitation occurs [Error! Bookmark not defined.]. However, the twisted design
is difficult to fabricate in steel and the composite version weighs significantly less [Error!
Bookmark not defined.]. The intent for this low HAP rudder is to use it on DDG 103-109. If
this rudder is successful for DDG, a similar design and the same materials will be used for future
classes of ships. The seven DDG ships each have two rudders per ship. The composite laminate
for each rudder weighs ~6000 Ibs including foam core, steel sub-structure, and rudder stock. The
composite laminate for DDX (a future class of ship that was cancelled) rudder was projected to
weigh ~10,000 Ibs.

The technology for manufacturing composite rudders to date has been targeted specifically at
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Mine Countermeasure ship applications. Cost analysis performed has shown that the acquisition
cost of the composite rudder is potentially less than that of the traditional nickel-aluminum-
bronze rudder. However, the benefits of composite rudders go far beyond cost factor. The 50%
reduction in rudder weight that has been achieved (from 5,772 Ibs to 2,820Ibs) impacts the trim
of the vessel, which allows for removal of unnecessary ballast from the bow and facilitates water
drainage which, in the past, has had a deleterious effect upon the wooden deck structure.
Furthermore, reduced weight also translates into reduced fuel consumption. Reduction in metal
components further reduces not only the magnetic signature but also the electrical signature,
which is of utmost importance to the survivability of an MCM.

Although the structural demonstration for this effort was a rudder for an MCM, of which there is
a limited production run, success with the installation and demonstration of the structural
performance of this system could provide the Navy with an alternative environmentally friendly
resin system for similar applications. This resin could then be simply transitioned to DDG
rudders and future DDX rudders. DDG and DDX applications are significantly larger than the
MCM rudder and could have a larger environmental impact if the conventional resin system is
utilized.

The two MCM rudders were installed on the PIONEER (MCM-9) for at-sea evaluation. The
Program Office is targeting replacement of the nickel aluminum bronze rudders on the other 13
MCMs. This has not occurred due to funding issues. PMS 490, John Edwards, reported that
“the composite rudder on MCM-9 is looking good after 5+ years on the ship”. He would like all
MCM class rudders to be the same composite design. Steel cannot be used for this application
since the rudder must be nonferrous for magnetic signature concerns.

The part design for the MCM composite rudder entails an elegant wrapping process around the
central hub. The fiber used is E-glass 5SW 1810 fabric.

The NSWCCD consists of approximately 3,800 scientists, engineers and support personnel
working in more than 40 disciplines ranging from fundamental science to applied/in-service
engineering. We are the Navy's experts for maritime technology. Headquartered in West
Bethesda, Maryland, the Division houses world-class facilities and laboratories. A major
operating site in Philadelphia is recognized as the center for naval machinery. The Division also
conducts research and development at several remote sites across the country.

As a major component of the Naval Sea Systems Command, the Carderock Division provides
cradle-to-grave support for its technical products over an enormous range of scientific areas
related to surface and undersea platforms. The Division addresses the full spectrum of applied
maritime science and technology, from the theoretical and conceptual beginnings, through design
and acquisition, to implementation and follow-on engineering. This includes all technical aspects
of improving the performance of ships, submarines, military water craft, and unmanned vehicles,
as well as research for military logistics systems. In addition, the Division is uniquely chartered
by Congress to support America's maritime industry.

The mission of the Carderock Division is to provide:
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e Research, development, test and evaluation, fleet support, and in-service engineering for
surface and undersea vehicle hull, mechanical, and electrical (HM&E) systems and
propulsors.

e Logistics research and development.

e Support to the Maritime Administration and maritime industry

4.2 PRESENT OPERATIONS

The low HAP VE resins are intended to replace high HAP VE resins used or considered for use
on Army tactical vehicles, the Marines helmet hardtop, the T-38 dorsal cover, F-22 Canopy
cover, splash molds, and the MCM composite rudder currently used or being proposed for use.
SMC composites for HMMWYV hoods are currently being used, have poor performance, and
produce large amounts of styrene HAP during production. The VARTM HMMWYV hood is in
production from TPI Composites (in an ECV HMMWYV variant), but still contains a high HAP
content in the resin. The M35A3 and M939 composite hoods are being produced by Sioux
Manufacturing Corporation, but use a high cost epoxy resin for these parts. The HMMWV
transmission container is not currently in production from any company, but the original CCM
design specifies a high HAP VE resin. The original T-38 dorsal replacement cover is a hand lay-
up unsaturated polyester resin, glass reinforced composite. The resin is a high HAP unsaturated
polyester, but this part is no longer produced. Therefore, current parts are repaired by machining
and hand tooling. The VARTM T-38 dorsal cover recently designed by the ACO uses a high
HAP VE resin. If not for the FAVE resins, high HAP resins would likely be used for the
production of F-22 canopy covers and splash molds. The MCM composite rudder was produced
by Structural Composites, Inc. for a single MCM ship. The resin used is a high HAP VE resin.

4.3 SITE-RELATED PERMITS AND REGULATIONS
4.3.1 Environmental Checklist

These low HAP composite resins are very similar to commercial composite resins. APIl, CCM,
RRAD, AF, NSWCCD, Drexel, and ARL currently use commercial VE resins. As a result, most
aspects of working with these resins were not affected. All sites added the FAVE resins to its
approved materials list before implementation. The use of these resins, as with all operational
chemicals, was governed by each site’s pollution compliance permit and policy. The FAVE
resins still contain HAPs, and therefore are regulated under the Reinforced Plastics Composites
NESHAP. However, since this NESHAP does not currently apply to existing facilities and
military installations, it has no direct implications.

4.3.2 Other Regulatory Issues

Production of the FAVE resin at APl or other resin suppliers requires the reactant glycidyl
methacrylate, which is toxic. Facilities that produce this resin require toxicity clearances.
Production of BMVE resin at API or other resin suppliers requires the use of methacrylic acid,
which is a highly corrosive material and also requires clearances and special equipment for the
company manufacturing this resin. Besides the NESHAPs and possibly the DLSME, there are
no other known regulations that apply to these materials.
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4.3.3 End-User/Original Equipment Manufacturer Issues

The end users of these low HAP composite resins include the Army depots, Air Force depots,
Navy shipbuilding companies, and OEMs for the DoD. More specifically, RRAD is interested in
using this resin to make composites for repair and replacement parts of Army tactical vehicles.
NSWCCD is interested validating this resin for rudder applications and would make this the
approved resin for Navy manufacturing companies such as SCI. OO-ALC would use this resin
to repair and make replacement parts for legacy systems, such as the T-38. Other interested
parties include the EPA for environmental reasons:

e Mr. Michael Kosusko, EPA, ph: 919-541-2734, kosusko.mike@epa.gov
In addition, people are interested in this resin for naval applications:

e Mr. lan Hawkins, NADEP Jacksonville, ph: 904-542-4516 x139, ian.hawkins@navy.mil
These demonstrations should show all interested parties whether these low HAP resins can truly
be used as drop-in replacements for commercial resins while maintaining high performance and
low cost. The rigorous property and performance testing as well as cost analysis should
adequately validate this technology.

This effort did not scale-up resin production to large commercial scale. However, we was
actively pursuing companies to license this technology. Scale-up issues was addressed in this
demonstration and should show its simplicity. However, it is unlikely that commercially
available materials was available at large scales at the end of this demonstration. This
demonstration has convinced resin suppliers that there is a market for this resin and thus Dixie
Chemicals has licensed this technology for commercial resin production. However, until Dixie
proves that there is substantial commercial market for this resin, it will not produce the resin in
significant quantities.

The technology was customized for this demonstration in a manner similar to commercial
composite resins. Most composite resins have a standard inexpensive version of their resin and
variations that give better mechanical or higher thermal properties. Our demonstration did the
same and aided in commercialization of the technology.

This demonstration involved working with various OEMs, including CCM, Sioux
Manufacturing, and Structural Composites, Inc. These demonstrations allowed these companies
to gain firsthand experience with the resin and allowed them to decide for themselves whether
the resin is a good environmentally friendly alternative to their current resins. The technology
met their specifications, and thus should ensure that technical data packages for the parts include
these low HAP resins as qualified products. In addition, the military partners will do what they
can to change specifications mandating the use of this resin.
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5.0 TEST DESIGN
5.1  JTP Testing and Laboratory Experimentation
5.1.1 Testing and Evaluation Plan

For Army applications, once adequate data has been generated by the initial screening tests, that
data was used to down-select the demonstration articles and resin to be used for further study.
For the other applications, basic resin and some composite testing was done to determine
whether the FAVE-L resin has sufficient performance. If not, other resin systems were used
(Figure 7). All demonstrations continued with a combination of analysis (based on the measured
properties, and properties that was developed in the 2" stage of testing), and processing trials of
both subcomponents and/or full scale articles. For the ballistic hardtop, subcomponents were
built to check and validate the properties rather than building the full-scale article due to the cost
of the materials and tooling. In the case of the other demonstrations, infusion trials were
performed on smaller parts before making the full scale part.

The process trials were used to ensure that the process is scalable using the low HAP resins.
These process trial articles were used for full scale testing to validate the performance of the
resin. The testing performed was determined by the choice of the demonstration components.
Vehicle hoods were tested initially on the same fixture used at CCM for validation of the hoods
developed under the body parts program. This included ball drop and impact tests, flexural
loading simulating a soldier on the hood surface (both static and fatigue), flexural loading of the
corners of the hood or lifting of the hood to open/close, and in the case of the HMMWYV hood,
simulated quasi-static crash testing. For the transmission container, stacking loading, drop
testing, and impact testing were performed. The full scale composite rudder and dorsal cover
were not tested using any machinery. Instead, they were field tested and their performance was
compared to standard resin systems.

Data collected were used to compare the performance of the new resins to the current materials
used in these applications. This assessment included the appropriate cost studies to validate the
assumptions and approach used in the proposal to develop the cost-benefit analysis.

The experiment design wasthe same for the Army, Marines, Navy, and Air Force
demonstrations. Figure 17 illustrates the experimental design. Resin was produced by API.
Drexel and ARL performed quality control experiments to ensure the resins produced meet the
required specifications. These tests involve ASTM acid number testing, rheometer viscosity
testing, and NMR/FTIR chemical analysis. Furthermore, basic resin properties were measured
using DMA and Instron mechanical tests. If the properties were not high enough for a given
application, resin variables were adjusted. These resin variables included using different VE
type (novolac vs. bisphenol A), different fatty acid chain length, and different resin composition
(VE/MFA/Styrene ratios).

For a given resin chemistry, composite panels were prepared and tested. Initially, infusion trials
were done to ensure good resin flow and adequate gel time. After that, various ASTM testing
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was performed on the composite panels to ensure the properties are similar to commercial resin-
based composites. If not, the resin formulation was adjusted, and additional composite testing
was run to ensure compliance. Most of the variables in terms of resin and composite
performance were set at this point.

After successful composite panel trials, demonstration articles were fabricated based on the ideal
resin composition previously found for the particular demonstration article. Resin infusion was
observed during fabrication of the demonstrations. In the case of the Army demonstration,
various testing of the completed part will ensue, using a specially designed testing apparatus.
The Army and other demonstration articles were then fielded. Inspection of the parts after
fielding was done using DoD personnel and the Pls of this project.

A

Resin Production

A 4

Resin Quality Control

A 4

Resin Performance Testing

Resin Re-Formulation

A 4

A 4

Composite Panel Testing

A 4

Demonstration Production

A 4

Demonstration Testing

A 4

Demonstration Fielding

Figure 17: Dem/Val process design for FAVE resins used in DoD composite applications.

5.1.2 MFA and FAVE Resin Manufacture

There are two manufacturing elements regarding FAVE resin manufacture: MFA manufacture
and resin blending. Both elements were performed by API under the guidance of ARL/Drexel.
The manufacture of MFA must be able to be simply performed by API at the scale of 1 gal to 55
gallons. The reactants and additives must be able to be blended effectively, easily, and

43



reproducibly. The blending of the resin components (MFA, commercial VE resins, and pure VE
monomers) must be able to be done effectively, easily and reproducibly. As API is not batch
testing each resin, their observations were strictly qualitative. They will in particular comment
on poor mixing of components, difficulty in reaction control (temperature, viscosity), difficulty
in blending components, and poor mixing of resin components.

5.1.3 JTP MFA and Resin Batch Testing

Each batch of MFA and resin manufactured by API was batch tested by ARL/Drexel. The
quality control of resin scale-up was tested using a set of five tests as described in the JTP.
ASTM D1980 was used to access the acid number of MFA monomers and resins. This test will
determine if there is too much free acid remaining in the system, which would indicate
incomplete conversion of the reactants into the MFA and VE monomers. FTIR testing as
described in La Scala, et al. [8] was used to determine the presence of unreacted epoxy groups.
Unreacted epoxy groups indicate incomplete conversion of the reactants in the MFA and VE
monomers. NMR as described in La Scala, et al. [9] was used to determine various chemical
aspects of the resins. First, the quantity of unreacted epoxy groups was measured. The ratio of
methacrylate groups to VE or MFA monomers was quantified. Also, the molar ratio of VE to
styrene in BMVE resins or VE/MFA/Styrene in FAVE was quantified. A rheometer was used to
measure this viscosity of the MFA monomers and low HAP resins at 25°C [8,9]. Too high of a
viscosity indicates side reactions occurred that degrade the resin properties and processability.
SEC as described in La Scala, et al. [9] was used to determine the content of high molecular
weight species in the MFA monomers, FAVE resins, and BMVE resins. Lastly, the gel time of
the resin was adjusted from 15 min to 4 hrs by varying the initiator, catalyst, and inhibitor
contents. Being able to adequately adjust the gel time is important for creating parts of different
sizes.

5.1.3.1 Acid Number Testing

Acid number titration was used during the course of the reaction to measure the amount of free
(unreacted) acid in the VE system. The acid number tests were performed in accordance with
ASTM D1980-87. Approximately 1 g of the sample is dissolved in 5 g acetone. Three drops of
0.5 wt.% phenolphthalein in 50% ethanol is added to the mixture to determine the neutralization
point. The solution is then titrated with 0.5 N sodium hydroxide until the solution remains
slightly pink in color for 30 seconds. The acid number is:

Acid number =V N MWpaon/m (1)

where V is the volume in ml of NaOH solution used, N is the normality of the NaOH solution,
and m is the VE mass in grams.

Parameters

Number and Type of Specimens | 1
per Candidate Alternative

Trials per Specimen (if needed) 1

1 per batch of 0.5 N NaOH - acid number of known VE

Experimental Control Specimens
sample

Acceptance Criteria Acid number < 20 (MFA monomers)
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Acid Number < 5 (MFA resins)
Acid Number < 15 (BMVE resins)

5.1.3.2 Viscosity

This test was designed to measure the viscosity, or resistance to flow of the monomer or resin at
a particular temperature. The viscosities of the resins were measured using a Brookfield digital
viscometer in Couette geometry (i.e., concentric cylinders) or a TA Instruments AR2000
rheometer in steady shear flow experiments. For the Brookfield viscometer, approximately 8 ml
of the sample is placed into the sample holder. Spindle 21 is used in all cases because of its large
diameter of 1.5 cm, which allows the measurement of the low viscosity samples. Because this
viscometer provides more reliable numbers when the torque applied is near the middle of the
instrument’s range, the shear rate is varied, depending on the sample viscosity, to do this. As a
result, the rotation rate is typically varied from 2.5 rpm to 100 rpm depending on the sample
viscosity. All samples are run at 25°C. For the TA rheometer, ~1 mL sample are placed in
between parallel plates with a gap spacing of 1000 microns. The temperature is equilibrated at
25°C, and the shear rate is increased from 1 s to 3000 s™ and then decreased back to 1 s™, and
10 measurements were taken per decade. At a given shear rate, the shear stress is measured
every two seconds. The shear rate and viscosity are recorded when the shear rate stabilizes to
within 5% tolerance for three consecutive points. The viscosity is recorded for the range where
viscosity is independent of shear rate.

Parameters
Number and Type of Specimens | 1
per Candidate Alternative
Trials per Specimen (if needed) 1

1 silicone viscosity standard sample every 30 days to
ensure consistency of data

Viscosity < 80 cP (MLau)

Acceptance Criteria Viscosity < 70 cP (MOct)

Viscosity < 1000 cP (FAVE and BMVE)

Experimental Control Specimens

5.1.3.3 Fourier Transform Infrared Spectroscopy

This test was designed to determine if there is unreacted epoxy in the monomers or resins.
Unreacted epoxy indicates the reaction is not complete, or side-reactions occurred. Either one
will degrade the resin performance. Furthermore, unreacted GM in the MFA monomer increases
the toxicity of the resin. Fourier Transform Infrared Spectroscopy (FTIR) and near-IR were used
to measure the concentration of unreacted epoxides and attached methacrylate groups. A
Thermo Nicolet Nexus 670 FTIR was used in absorbance mode, taking 16 scans per spectrum
with a resolution of 4 cm™. The raw FTIR spectra of completely reacted monomers shows that
the peaks representing the epoxide groups (6066 cm™, 4530 cm-1, 917 cm™) are no longer
visible after reaction, and methacrylate groups (6160 cm™, 942 cm™) are present in the resin
[20,21]. Interference with other peaks prevents determining the extent of reaction over 95%
conversion. These results indicate whether the epoxide groups react to near completion with
methacrylic acid.

| Parameters | |
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Number and Type of Specimens | 1
per Candidate Alternative

Trials per Specimen (if needed) 1

Experimental Control Specimens | None are necessary

Acceptance Criteria No epoxide groups present

5.1.3.4 Nuclear Magnetic Resonance Spectroscopy

This test is designed to determine if there is unreacted epoxy in the monomers or resins, the
molecular weight of the vinyl ester monomer, the reactant ratios in the MFA monomers, and the
component ratios in the resin. Unreacted epoxy indicates the reaction is not complete, or side-
reactions occurred.

Nuclear magnetic resonance spectroscopy (NMR) was run on the the prepared vinyl esters, and
commercial VE resins to verify the extent of methacrylation, styrene content, epoxide content,
VE molecular weight, and component ratios. A Bruker 600 MHz spectrometer with spectral
window of + 2000 Hz, 16 scans at 293 K, and 90° pulse width was used. The method used to
analyze the VE is described in the literature [5,9]. The internal standards for VE are the 4
methylene protons and the 6 methyl protons of the methacrylate groups per VE. The area per
proton for these standards should be in agreement. The value of n for the VE was calculated
based on the area of the 5n+10 isopropyl protons, the 8n+8 phenyl protons, or the 6n+6 DGEBA
methyl protons. These values of n resulting from all three standards should always be within 3%
error. In addition, the calculated values of n should always be within experimental error of the
values calculated using epoxy titration. The styrene content is calculated by measuring the
relative area of the styrene methylene protons (5.2 ppm and 5.8 ppm) to the internal standards.
The extent of methacrylation is determined by measuring the height of the three epoxide peaks at
3.33 ppm, 2.88 ppm, and 2.73 ppm relative to the heights of the phenyl protons and the DGEBA
methyl protons before and after methacrylation. Epoxide peaks appear at 2.6-3.3 ppm. The ratio
of GM methyl methacrylate groups (3 protons at 1.9 ppm, 1 proton at 5.5, and 1 proton at 6.1
ppm) to fatty acid groups (3 at 0.9 ppm, 2 at 1.6 ppm, and 2 at 2.3 ppm) should be 1 to 1.
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Parameters
Number and Type of Specimens per Candidate 1
Alternative
Trials per Specimen (if needed) 1
Experimental Control Specimens None are necessary
Acceptance Criteria (Unreacted Epoxy) No epoxide groups present
VE MW < 700 g/mol (Bisphenol A)
Acceptance Criteria (VE MW) VE MW < 900 g/mol (Novolac)
VE MW < 800 g/mol (BMVE)
Acceptance Criteria (MFA Reactant Ratios) Methacrylate to FA ratio of 1:1 (+0.05, -0.1)
_— . VE to MFA to styrene ratio should be + 5%
Acceptance Criteria (FAVE Component Ratios) based on desired formulation
i 0,
Acceptance Criteria (BMVE Component Ratios) VE.tO styrene rat_lo should be + 5% based on
desired formulation

5.1.3.5 Size Exclusion Chromatography

This test is designed to determine the molecular weight of vinyl ester monomers and component
ratios in the VE resins. Size exclusion chromatography (SEC) was run on styrene and the vinyl
ester resins to determine VE molecular weight and styrene content in the bimodal blends. A
Waters 515 GPC is used with two 30 cm long, 7.5 mm diameter, 5 um styrene-divinyl benzene
columns in series. The columns were equilibrated and run at 45°C using tetrahydrofuran (THF)
(Aldrich) as the elution solvent at a flow rate of 1 mL/minute. The column effluent was
monitored by two detectors operating at 25°C: a Waters 2410 refractive index detector and a
Waters 2487 dual absorbance detector operating at 270 nm and 254 nm (absorbed by phenyl
rings). Samples were prepared by dissolving 2 mg sample in 1 mL THF.

Because high molecular weight species cannot diffuse into the packing, they elute first from the
column, while lower molecular weight species elute later [22,23]. Therefore, the molecular
weights can be determined from the peak elution time. To measure the molecular weights of VE
resins using SEC, the molecular weight as a function of retention time was calibrated using Epon
resin samples [9]. The number average molecular weight of the Epon 100XF resins is known
through epoxy titration results. The calibration curve relating peak retention time to Epon
molecular weight was constructed and used to calculate the number average molecular weights
of the VE peaks. For the bimodal blends, the relative areas of the peaks and the two different
number average molecular weights were used to simply calculate the number average (M,) and
weight average molecular weights (M) (Eq. 2,3):
_ nhighl\/I high + nlowl\/I

|
= ow (2)
Mhigh + Miow
2 2
nhigh M high + nlowlvI low
T v ®3)
r.]high high + nIow low

where the subscripts high and low refer to the high and low vinyl ester molecular weight
species/peak, respectively, M is the molecular weight as determined by the Epon calibration, and
n is the number of moles. In addition, previous work has shown that if a significant amount of
epoxy homopolymerization occurred, a broad peak appearing at 10 minutes and lower elution
times would appear [23].
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Parameters

Number and Type of Specimens per Candidate 2
Alternative
Trials per Specimen (if needed) 1
Experimental Control Specimens None are necessary
Acceptance Criteria (Unreacted Epoxy) No epoxide groups present
VE MW < 700 g/mol (Bisphenol A)
Acceptance Criteria (VE MW) VE MW < 900 g/mol (Novolac)

VE MW < 800 g/mol (BMVE)

VE to MFA to styrene ratio should be + 5%

Acceptance Criteria (FAVE Component Ratios) based on desired formulation

VE to styrene ratio should be + 5% based on

Acceptance Criteria (BMVE Component Ratios) desired formulation

5.1.3.6 Gel Time

This test is designed to determine the working time of the resin before it solidifies into a
gelatinous solid that no longer flows; and therefore, cannot further wet fiber reinforcement in
composites.

Samples were prepared according to ASTM 2471-99. Samples are prepared by pouring 10 g of
resin into a 30 mL screw-cap scintillation vial. Initiator breakdown was catalyzed using 0.1 wt%
cobalt naphthenate and 1 wt% Trigonox to cure the samples. Various samples were prepared
using various contents of these initiator, catalysts, and inhibitor. In all cases, inhibitor was added
first. After mixing, catalyst was added. The samples were tested at an ambient temperature of
72°F. The 10 g sample of resin was maintained at this temperature until gelation. The sample
was probed every 15 seconds with a applicator stick in the center of the material. When the resin
no longer flowed to fill in the void left by the applicator stick, the sample was considered gelled.
The gel time was the duration of time that elapsed between mixing in of initiator until gelation
occurs.

Parameters

Number and Type of Specimens per Candidate 2

Alternative

Trials per Specimen (if needed) 1

Experimental Control Specimens Commercial Derakane 441-400
Acceptance Criteria (Fast gel time) Gel time <15

Acceptance Criteria (Slow Gel time) Gel time > 4 hrs

5.1.4 Neat Resin Testing

Neat resin properties was assessed in a variety of laboratory tests to ensure quality of the resin
prior to making composite parts. The FAVE resins should have properties similar to the
incumbent resins. This testing is applicable to all demonstration/validation platforms.

5.1.4.1 Styrene Content by Evaporative Weight Loss — Macro-Scale
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Approximately 10 grams of each resin were mixed in a closed container with 10 grams of
MLau (methacrylated fatty acid). MLau was added to prevent the epoxy resin from forming
a surface skin which would limit the evaporation of styrene. The combined mixture was
then poured into an open beaker and allowed to evaporate in a vented hood for 15 days.
They were then moved to a 45°C oven to evaporate for an additional 5 days. Beakers were
periodically weighed and evaporative loss was calculated. All evaporative loss was
attributed to loss of styrene from the Derakane portion of the mixture. The styrene weight
percent loss was calculated based using (Eqg. 1):

Evaporative Mass Loss

— x100 = Styrene Weight % Loss Q)
Original Derakane Mass

Figure 18 shows the weight loss for baseline samples. The overall weight loss levels off in
approximately 2 weeks and the overall styrene content matches the known amount in the
commercial VE resin. Therefore, this method is acceptable for measuring the styrene weight
loss.

Styrene Weight % Loss
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Figure 18: Graphical representation of the styrene weight % loss over a twenty day period for
both Derakane® 8084 and 441-400 epoxy vinyl ester resins.

5.1.4.2 Resin Viscosity
The resin viscosity was measured as described above for measuring the MFA viscosity. Target
viscosity was less than 1000 cP for all resins.

5.1.4.3 Gel Time Variance of FAVE

The ability of the gel time to be varied from very short to very long was measured by using a
variety of initiator package components and concentrations and temperatures. The gel times
were then measured as previously described.

5.1.4.4 Resin Cure

All resins were initiated using methyl ethyl ketone peroxide (MEKP), and a 4:1 ratio of 6%
cobalt naphthenate (CoNap) and dimethyl aniline (DMA) as a catalyst to promote room
temperature cure. Hydroquinone (HQ) inhibitor is used to increase the gel time. The exact
amount of initiator, catalyst, and inhibitor concentrations used depend on the desired gel time.
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All resins was allowed to cure at room temperature for 16 hours. Various samples will also be
post-cured at 130°C for 3 hours.

5.1.4.5 Dynamic Mechanical Property Testing

The thermo-mechanical properties of vinyl esters were measured using dynamic mechanical
analysis (DMA). Rectangular samples with approximate dimensions of 25 mm x 9 mm x 3 mm
were tested using a TA Instruments 2980 DMA in single cantilever geometry. The samples are
tested at 1 Hz with a deflection of 15 um while ramping the temperature from 30°C to 200°C at a
rate of 2°C/min. Two temperature ramp experiments are run for each sample. The first ramp
completely post-cures the polymer.

The temperature at which the peak in the loss modulus occurs in the fully post-cured polymer is
considered the glass transition temperature of the material [24]. The experimental error in Ty is
+ 3°C. The point at which the modulus in the rubbery plateau begins to increase with increasing
temperature is used to calculate the molecular weight between cross-links, M¢. The theory of
Rubber Elasticity is used to calculate M. (Eq. 4):

E = 3RTp/M; 4)

E is the rubbery modulus, R is the ideal gas constant, T is the absolute temperature, and p is the
sample density [25,26]. Rubber elasticity applies to polymers with low cross-link densities and
would not be expected to give completely accurate cross-link density measurements for highly
cross-linked vinyl ester systems. However, the calculated numbers are on the correct order of
magnitude based on cross-link density calculations and provide a means for comparing and
quantifying whether one sample is more cross-linked than another.

Samples were tested dry and wet. Dry samples were tested after curing/post curing the DMA
samples. Wet samples were prepared by placing the samples in water or in a controlled humidity
environment until the sample is saturated (weight stays constant with further exposure time).
Samples in water were placed in water at room temperature for weeks. Samples were also
placed in 950C water for 24 hrs to more quickly achieve a saturated sample. Both methods
resulted in similar water uptake and similar wet DMA properties.

Wet samples for Navy applications were prepared by saturating polymer samples in water at
30°C for 2 weeks. The samples were removed and their surface was dried for testing. The
samples was placed in an 80% humidity box until testing. Wet Ty testing for Army applications
involves maintaining the polymer samples for 2 weeks at 60% relative humidity prior to testing.

5.1.4.6 Flexural Testing

Flexural tests, in accordance with ASTM 790M, was performed to determine the modulus of
elasticity and flexural strength. The samples will have approximate dimensions of 10 mm x 80
mm x 64 mm and were measured prior to testing. The samples were tested flat-wise on a support
span, resulting in a support-to-depth ratio of 16. All tests were performed at ambient conditions.
The samples was tested using an Instron at a crosshead speed of 0.17 mm/min. The flexural
modulus, elongation at failure, and flexural strength were calculated according to the ASTM
standard.
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5.1.4.7 Fracture Toughness Testing

Three-point single-edge notch bend (SENB) specimens were used for fracture toughness
measurements. ASTM 5045-93 specifies that approximate sample dimensions of 2.00 in. x 0.50
in. X 0.25 in. should be used to assure plain strain conditions. A notch was placed in the samples
equal to half the sample depth. The actual sample dimensions were measured after testing, so
that the notch length could be accurately measured. A sharp razor blade was used to initiate a
crack at the base of the notch. The samples were tested using an Instron 4505 or equivalent in
flexural mode at a crosshead speed of 0.05 in/min. An un-notched sample was run in the same
manner twice during the course of the experiment to account for system compliance, loading pin
penetration, and sample compression. All tests were performed at ambient conditions, which
were approximately 22°C and 40% relative humidity. When tests were completed, the fracture
specimens were examined for signs of plastic deformation. If plastic deformation was apparent,
the sample was not used in the reported results.

5.1.5 Composite Panel Testing

5.1.5.1 Composite Resins and Fibers for Panels and Demonstration Articles

Selection of the fiber and resin systems for a particular DoD application is summarized in Table
8. Various Army applications focus on Hetron 980/35 (higher T4 with 35 wt% styrene) and
Derakane 8084 (a rubber toughened resin with improved fracture toughness properties and 40
Wt% styrene) with Mahogony 24 oz/yd® E-glass, 5x4, woven roving and 3TEX, Inc. 96 oz/yd®
3WEAVE E-glass with 2022 silane sizing (P3W-GE044). Bio-resin replacements for the
Derakane resins include FAVE-L/O-25S (manufactured with methacrylated lauric or octanoic
acid with 25 wt% styrene) and FAVE-L/O-HT (a novolac based vinyl ester for higher
temperature performance). The Marine HMMWYV hardtop utilizes 3TEX, Inc. 54 oz/yd?
3WEAVE E-glass with 2022 silane sizing (P3W-GE045) with Derakane 8084 and FAVE-O-25S.
The Air Force application for the T-38 dorsal cover and F-22 canopy cover utilize both Fibre
Glast Developments Corp. Style 120 3 oz/yd® E-glass satin weave and Style 7781 9 oz/yd? E-
glass satin weave fabric with Hexion Specialty Chemicals 781-2140 (with 47 wt% styrene). The
Navy application for the composite rudder currently uses Fiber Glass Industries 18 oz/yd?
unidirectional E-glass fiber tows with a stitched mat backing and Interplastic Corp. COREZYN
Corve 8100 (with 50 wt% styrene) with the proposed replacement resin FAVE-L-25S
(manufactured with methacrylated lauric acid with 25 wt% styrene).
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Table 8: Proposed applications for commercial vinyl ester and FAVE composites in the military.

Application Fabric Resin Resin Replacement
Amtech Helmet 3-Tex 100 oz S2-glass and Derakane 8084 FAVE-L-25S/0-25S
Hardtop 24 0z S2-glass
HMMWYV Hood 3D E-glass Hetron 980-35 FAVE-L-HT/O-HT
Hetron 980-35 (VE) or
M35A3 and M939 Huntsman 8605
Hood 3-Tex 96 oz E-glass (Epoxy) FAVE-L-HT/O-HT
Trgns;n[ssmn 3-Tex 54 oz E-glass Derakane 8084
ontainer FAVE-L-25S/0-25S
T-38 Dorsal Cover Fibre Glast Developments
and F22 Canopy Corp. 120 3 oz E-glass and Hexion 781-2140
Cover Style 7781 E-glass 9 oz FAVE-L-255/0-25S
Fiber Glass Ind. 18 oz E- Corezyn Corve 8100
Rudders glass and Derakane 510A-40 FAVE-L-25S

Rectangular composite panels were prepared for all tests below using samples that conform to
the lay-up (type, number of plies, and thickness) (e.g., M35A3 hood, HMMWYV hardtop) they are
being used to validate unless otherwise noted (see “Composite Demo Section” below). In some
cases, such as the HMMWYV hardtop, where the configuration varies across the dimensions of the
part, only panels with the geometries of the critical areas are made. The exact dimensions of
each sample will conform to the ASTM or testing specifications according to the sample
thickness. The three potential Army demos use only E-glass reinforcement, so all panels are
tested with these fibers only using sample thicknesses equal to that of the M35A3 hood, which is
about 0.25” thick. Panels for Marines demonstration testing were 1 inch thick. The panels were
~1/8” thick for Air Force applications. For Navy applications, two panel thicknesses were made:
3/8” and % thick.

Composite panel properties were assessed in a variety of laboratory tests to ensure quality of the
composite prior to making demonstration parts. The FAVE composites should have properties
similar to the incumbent resins. This testing is applicable to all demonstration/validation
platforms.

5.1.5.2 Infusion Trials

As composite panels are being made for testing, the flow of resin through these panels was
studied. Time for infusion was measured and compared to standard resins. In addition, the
duration for gelation to occur (i.e., amount of time available for the resin to flow through and fill
the part) was measured. Therefore, gel time was measured during the infusion trials, and
compared to the desired gel time. Variances were noted and initiator/catalyst/inhibitor content
was adjusted to account for the difference. In addition, panels were examined for good fiber wet
out. Essentially, all of the individual fibers that make up each tow should be coated with resin.

5.1.5.3 Dynamic Mechanical Property Testing

The thermo-mechanical properties of composite samples were measured using dynamic
mechanical analysis (DMA). Rectangular samples with approximate dimensions of 25 mm x 9
mm x 3 mm was cut from the composite and tested using a TA Instruments 2980 DMA in single
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cantilever geometry. The samples are tested at 1 Hz with a deflection of 15 um while ramping
the temperature from 30°C to 200°C at a rate of 2°C/min. Two temperature ramp experiments
are run for each sample.

Wet samples for Navy applications were prepared by saturating composite samples in water at
30°C for at least 2 weeks. The samples were removed and their surface was thoroughly dried for
testing. The samples were placed in a environmental chamber at 160°F and 85% humidity. The
samples were massed periodically until no mass change occurs. At that point, the sample is
ready for testing. Wet T, testing for Army applications involves maintaining the composite
samples for 2 weeks at 60% relative humidity prior to testing.

5.1.5.4 3Pt Bend Flexural Property Testing

In order to evaluate flexural properties, a 3-point bending test following ASTM D790-92
guidelines was performed for Army, Marines, and Navy demonstrations. The dimensions used
for the testing was a depth range of approximately 0.125-0.150 inches, a width of 1 inch, and a
L/d ratio of 32 to 1 as recommended by ASTM. The crosshead rate used is 0.33 in/min.

5.1.5.5 Tensile Property Testing

In order to evaluate tensile properties, a tensile test following ASTM D638 guidelines was
performed. This test is used to determine the tensile modulus (stiffness) and strength of the
material.

5.1.5.6 Compressive Property Testing

In order to evaluate compressive properties for AF composites, a compressive test following
ASTM D695 guidelines was performed. The compressive test was determined the compressive
modulus and strength of the material.

5.1.5.7 Short Beam Shear/Interlaminar Shear Property Testing

The interlaminar strength of each composite system was tested following ASTM D2344-84 for
all demonstrations. It is important to point out that, as stated in the ASTM standard, because of
the variety of failure modes that can occur in this specimen, it is not generally possible to relate
the short-beam shear strength to any other material property. However, failures are normally
dominated by interlaminar properties and the test can be used for comparative testing of
composite materials, provided that failures occur consistently within the same mode. Each
specimen was subjected to a three-point bend, where the crosshead was lowered at a rate of 0.05
in/min. until interlaminar failure occurs. Samples for Marines applications were 1 in. thick,
dictating that the span of these tests should be 3 in. with an overall length of 6 in. and a width of
1.5 in. Ten samples were tested for each composite. Elevated temperature testing is performed
in an environmental chamber compatible with Instron mechanical testing.

5.1.5.8 4-Point Bend Static Sandwich Testing
The four point bend static sandwich test was used to assess bending strength and modulus via
ASTM D 6272-98). Samples tested were 16 x 4” wide x ~1” thick. The fatigue properties were
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also measured using the same size specimens. The samples was fatigued at 5000 Ibs with R =
0.1atlHz.

5.1.5.9 Fiber Fraction and Void Content
The fiber, resin, and void fractions of the composites was measured using ASTM 2584. Resin
and void content are measured by burning a composite sample at 565°C and measuring the mass
loss. The fibers will not burn at that temperature, thereby giving a measure of the resin fraction.
The fiber fraction was measured using Eq. 5:
V= ®)
r]pIies pf /pf

where d is the sample thickness, nyjies Is the number of plies of fiber, pr is the fiber density, and
pf is the aerial density of the fiber plies. For glass fabric, the aerial density is ps = 2550 kg/m°.
The aerial density is usually supplied by the manufacturer, but can be experimentally determined
by dividing the mass of a ply by its area. Based on the expected fiber fraction and measured
resin content, the void fraction can be determined.

5.1.6 Fatigue Testing

In principle, a fatigue test can be designed by exerting repetitive stress on the sample until the
occurrence of failure. Normally, a full S-N diagram (i.e., applied stress versus the number of
cycles applied prior to failure) can be recorded. The repetitive stress can be designed in three
waveforms, namely sine, triangular and square. It showed there was no difference for longer
lives. Parameters like test frequency, mean condition and applied amplitude, or alternatively
minimum and maximum values are also needed to be considered in association with
corresponding waveforms.

Mechanical properties can be obtained mainly by two different categories of tests, flexural tests
and axial tests. Correspondingly, in fatigue test design, displacement and load or strain control
was applied respectively. In this current case, the displacement control aiming to evaluate the
flexural properties of polymer composites was utilized.

Several artifacts may affect the results of the fatigue test of polymer composites when using
displacement control. Of them, one issue worthy of mentioning is rate dependence effects, which
may induce self-generated heating. For polymer composites, rate dependence of the material
properties themselves in the absence of the temperature effects is another concern.

Static 3 pt flexural tests were conducted following the ASTM D790 for three point bending. Five
tests for each sample were given to determine the loading parameters for the fatigue tests.

As pointed out, there is no standard for the flexural fatigue testing of unidirectional carbon fiber

reinforced polymer composites. The relevant parameters are illustrated in Fig. 21. All tests were
performed using an Instron 8872 servo-hydraulic test machine.
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Figure 19: lllustration of sine waveform cycle.

In this design, the maximum displacement values were determined in correspondence to the
maximum load of 80%, 60%, 40% the load value obtained by the static flexural tests. The stress
ratio R, a ratio of minimum and maximum load (loadmin/loadmax), are critical parameters that
have an influence on the fatigue behavior. Different R values scenarios can be identified as in the
ISO standard ISO 13003. The range of the R value for the flexural fatigue test can be 0 ~ 1. The
popular one is 0.1. In this case, R value close to 0 is applied. However, slight contact of load cell
with sample is maintained by choosing the minimum load as 2 Ibf in order to fix the position of
specimen. The corresponding displacement can thus be determined based on this strategy.

In addition, 10000 cycle tests were performed at a frequency of 1Hz in order to minimize
adiabatic heating effects as well as to the time and cost of undertaking a fatigue program. After
the fatigue tests, static flexural tests were given to each specimen to determine the residual
flexural strength and elasticity modulus. Consequently, the comparison of two samples under
same conditions can be given. In this case, two specimen were tested for each design and the
values were averaged for the final results.

On the other hand, fatigue life was determined for flexural loading conditions. In the experiment
design, R value close to 0.5 was applied. Moreover, the tests were conducted at a frequency of 4
Hz to reduce the test time. 40% of the initial flexural load was applied to each test. After pre-
determined cycles, the residual flexural performance was measured.

5.1.7 Environmental and Chemical Aging

Environmental and chemical aging procedures conducted on the various composites were
determined based on the anticipated exposure to environmental and chemical agents over the
working lifetime of the composite parts (as summarized in Table 9). None of the actual aging
tests are exact applications of a standard test, but rather are based on standard testing methods
listed in test method standard MIL-STD-810F (environmental engineering considerations and
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laboratory tests) and consultation with ESTCP program partners. Duration and intensity of the
exposure was chosen to so as to demonstrate some decrease in mechanical and thermal properties
over the period of aging. Environmental aging was performed on all commercial and FAVE
composites and included wet Ty, freeze/thaw cycling and Xenon arc lamp weathering. Chemical
aging included exposure to various chemical agents (method 504: Contamination by Fluids)
which were selected as a hydro-carbon fuel (JP-8), a solvent (Methyl Ethyl Ketone) and salt
water exposure for the Navy composites exclusively.

Table 9: Relevant aging testing per application and proposed FAVE composite replacement.

L . . Replacement .
Applications Composites Resin pResin Aging Tests
HMMWV Xenon
ieci Mahogony 24 oz E- .
Transmission Wet Tg Weathering
: lass/ Derakane Derakane 8084 FAVE-O-25S .
Container g 8084 Freeze/Thaw  Chemical-
(ARMY) JP8
HMMWY Hood -
24 oz/Derakane 441- | o 9g0/35 FAVE-O-255 Not Tested
(ARMY) 400
Hetron 980/35 (VE) Xenon
M35A3 Hood 3;%(‘3 fi:f:ﬁfﬁ or FAVE-O-HT Wet Tg Weathering
(ARMY) 400 Huntsman 8605 Freeze/Thaw Chemical-
(epoxy) JP8
Xenon
Amtech HMMWV .
Hardtop STEX3Dweave54 | |\ egoss | FAVE-O-255 | WetT9  Weathering
oz/Derakane 8084 Freeze/Thaw  Chemical-
(MARINES)
JP8
Xenon
FibreGlast Style 120 :
T-38 Dorsal Cover : . Wet T Weatherin
3 0z E-glass/Hexion Hexion 781-2140 FAVE-O-25S g . 9
(AIR FORCE) 781-2140 Freeze/Thaw  Chemical-
MEK
FibreGlast Style Xenon
T-38 Dorsal Cover 7781 9 oz E- . Wet Tg Weathering
. H 781-2140 FAVE-O-25S
(AIR FORCE) glass/Hexion 781- exion Freeze/Thaw  Chemical-
2140 MEK
Fiber Glass Ind. 18 CoREZYN Corve Simulated
MCM Rudder A Wet T
oz E-glass uni stitch | 8100 and Derakane | FAVE-L-25S g Salt water
(NAVY) mat/Corve 8100 510A-40 Freeze/Thaw g5 1tion

5.1.7.1 Composite Layup

Composite panels were manufactured for all twelve composites using vacuum assisted resin
transfer molding (VARTM) to provide samples for testing. The chemical cure package used
included Condea Servo Cobalt Naphthenate (CoNap) as a catalyst, Akzo Nobel Trigonox 239A
anti-foaming organic peroxide as an initiator, and EMD N,N — Dimethylaniline and Avocado
Research Chemicals Ltd. 2,4 — Pentanedione, 99% as a inhibitor. Gel time studies were
performed for each resin using various weight percentages of these chemicals to arrive at a gel
time of approximately 1 h or less. Composite panels were laid up to a thickness required by the
thickness to width and span ratios set forth in ASTM D 790 — 03 (standard test method for
flexural properties of reinforced plastics) and ASTM D 2344/D 2344M - 00 (standard test
method for the short beam shear strength of polymer matrix composites) and for all the
composites did not exceed 4 mm. The lay-ups and approximate thicknesses of the individual
composites are listed in Table 10.
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Table 10: Composite lay — up, approximate thickness and estimated fiber and matrix volume
fraction for studied commercial vinyl ester and FAVE composites.

Composite Lay-up |Thickness (mm)|V; (%0)|V,, (%0)
3 0z/Hexion 32-ply; warp ~3.5 406 | 594
3 0z/[FAVE-0-25S 32-ply; warp ~3.8 39.6 | 60.4
9 oz/Hexion [0/90]55 ~2.7 50.7 | 49.3
9 0z/FAVE-0-25S [0/90] 55 ~2.6 59.8 [ 40.2
18 0z/Corve 8100 [0/90]s ~3.5 46.3 | 53.7
18 0z/FAVE-L-25S [0/90]s ~3.5 47.1 | 52.9
24 oz/Derakane 8084  [[0/90/0]¢ ~3.9 53.0 | 47.0
24 0z/[FAVE-0O-25S [0/90/0] ~3.9 50.0 | 50.0
54 oz/Derakane 8084  |2-ply; warp ~3 515 | 485
54 0z/FAVE-0O-25S 2-ply; warp ~3 49.0 | 51.0
96 0z/Derakane 441-400(Single ply ~2.7 486 | 514
96 0z/FAVE-O-HT Single ply ~2.7 479 | 521
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5.1.7.2 Determination of Wet and Dry Glass Transition Temperatures

The Army HMMWYV, M35A3 and M939 hoods in addition to the Marine Amtech HMMWYV
hardtop are all subject to dry and wet Ty requirements. To determine the wet Ty for the
composites, DMA samples were cut for each composite and soaked in distilled, de-ionized water,
filtered using a Barnstead B-pure water purification unit, for days until subsequent weighing of
the samples demonstrated no further mass increase. The samples were then tested in a TA
Instruments DMA Q800 with a dual cantilever geometry at 1 Hz; the T4 was determined from the
peak of the loss modulus curve versus temperature. Two temperature ramp runs were conducted
on the wet Ty samples to ensure that the dry T4 values were recoverable.

5.1.7.3 Cyclic Freeze and Thawing Tests

Freeze/thaw aging was conducted on DMA and short beam shear samples of all composites to
assess possible effects of cyclic water sorption and freezing on the short beam shear properties.
Typically with water sorption, a degradation of composite strength and stiffness is observed due
to the diffusion of water into the glass fiber and it’s retention at the fiber/matrix interface.
Subsequent cycles of water sorption on freezing should weaken the interfacial bonds and inhibit
optimum shear transfer between fiber and matrix under loading. Approximately 15 cycles of
freezing and thawing were conducted: 24 h of freezing at -24°C and 24 h of thawing and water
immersion in de-ionized water. After the freeze/thaw cycles were completed, the samples were
dried or thawed and tested for Ty and short beam shear strength.

5.1.7.4 Xenon Arc Lamp Weathering

All composites were subject to weathering tests to simulate real exposure conditions which may
be encountered upon mission critical deployments. A xenon lamp weathering instrument was
selected because the xenon arc lamp radiation output most closely simulates average actual
sunlight exposure in the ultraviolet (UV) and visible region (300 — 2450 nm). An ATLAS
Ci5000 weatherometer was used to subject all composites to a cycle of radiation exposure of
approximately 1.1 kW/m? for 20 h and darkness for 4 h at a constant temperature of 49°C and
constant relative humidity of 50%. The cycle of radiation exposure is consistent with guidelines
recommend in ASTM practices G 151 — 00, G 155 — 04a and was adapted from a suggested
cycle of exposure put forth in military standard MIL-STD-810F, method 505.4 (Solar Radiation),
procedure Il. Composite panels from both commercial and FAVE matrix resins were cut to
approximately 200 mm x 150 mm and weathered for 62 cycles. Before and after photographs of
the panels were taken in polarized light to detect color change and possible internal stress
fringes. After aging was completed, each panel was cut into samples for DMA and mechanical
testing.

5.1.7.5 Chemical Aging

All composites except the Navy composites, 18 oz fabric with either Corve 8100 or FAVE-L-
25S, were exposed to hydrocarbon turbine fuel JP-8 (MIL-DTL-83133F) according to military
standard MIL-STD-810F, method 504 (Contamination by Fluids). JP-8, of course, is the military
standard fuel utilized by all services in multiple combat vehicles. The procedure suggested
therein for prolonged exposure was extended from three days to a duration of one week to ensure
any possible effect of the JP-8 contamination on the thermal and mechanical properties would be
observed. DMA, short beam shear (SBS) and flexural samples were cut from the bulk composite
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and soaked in a bath of JP-8 at ambient temperature for one week then drained for several days.
Drained and fully dried samples were then tested.

All of the Air Force composites, the 3 0z and 9 oz fabrics with either Hexion 781-2140 or
FAVE-O-25S matrices, were exposed to the solvent methyl-ethyl-ketone (MEK) because it is a
widely used industry solvent and a likely re-agent that these composites would come in contact
with as they are processed and fielded. The exact procedure discussed for JP-8 exposure was
used making special note of before and after exposure color changes and leeching into the
solvent bath. Drained and fully dried samples were then tested.

The Navy composites, 18 oz fabric with either Corve 8100 or FAVE-L-25S, were exposed to a
simulated sea water bath to gage possible corrosion effects on mechanical properties. Cut
composite samples were soaked for approximately one month in a solution of one liter of VWR
distilled water to 40 g of Sigma Aldrich Sea Salts (S9883). Samples were then dried and tested.

5.1.7.6 Mechanical Testing of Weathered Composites

Dynamic mechanical analysis (DMA) testing was used to determine the glass transition
temperature Ty and storage and loss modulus. Basic mechanical performance was assessed
through flexural strength and short beam shear (SBS) testing.

5.2 Composite Part Validation Testing
5.2.1 Composite Part Demonstration

5.2.1.1 Infusion Trials

It is imperative for all demonstrations that the composites structures are able to be formed by
VARTM using the new low HAP resin. In particular, the time required for fiber wet out was
noted and compared to the time required for commercial resins. Secondly, the ability of the resin
to gel when desired was noted compared to neat resin cure samples. Lastly, the fiber wet out was
noted and is expected to be similar to that of commercial resins. In many cases, smaller
composite samples were tested prior to infusion testing of the full part.

Demonstration of the M35A3 hood, M939 hood, and HMMWYV transmission containers were
performed at SMC between Jan 2008 and Jan 2009. 2 hoods of each type were fabricated, and 4
HMMWYV transmission containers were fabricated. Demonstration of the MCM composite
rudders was performed by Structural Composites, Inc. (SCI) of Melbourne, FL took place
between Nov. 2008 and Feb. 2009. Two rudders were prepared, both using the FAVE-L-25S
resin. The composite parts were compared to previous composites prepared by SCI.

5.2.1.2 Observations by Part Manufacturer

Assessment of the resin’s performance for infusing the part and the appearance and feel of the
final part was qualitatively assessed by the part manufacturer.
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5.2.2 HMMWYV Hardtop Dem/Val Testing

The Amtech hardtop has a few key material performance requirements that may be critical when
changing resin systems. Potential issues was screened by doing Sandwich Testing — 4 Point
Bend (ASTM D6272) and short beam shear testing (ASTM DD2344), as previously described.
In addition, ballistic properties will need to be measured, as previously described. Lastly, the
part was required to endure a 3000 mile road test to ensure the resin meets specifications.

5.2.2.1 Ballistics Testing

The APG ballistics range was utilized to determine V50 numbers for the composites used for
Army and especially Marines applications. The samples must meet V50 Level Illa at ~4psf, V50
Level 111 at ~12psf, and V50 Level 111 in sandwich configuration with HJ1 phenolic core — total
AD ~10.5psf.

Two armor panels (Figure 20) were created for each resin formulation, for a total of 10
composite panels. All armor panels are 24”x24” in their final size, so infused parts are ~27”x27”
in order to be able to trim the samples to remove edge effects. One panel for each formulation
was 4 layers of the 100 oz 3-Tex 3-D weave fabric layered cross-ply. The other panel is 12
layers of the 100 oz fabric layered cross-ply. The FAVE-O-HT panels are cured at room
temperature both post cured at 130°C, while the FAVE-L-25S panels are post cured at 125°C.
For comparison purposes, FCS2 Epoxy was cured at 65°C and postcured at 130°C. The VE
8084 composites were cured at room temperature and postcured at 120°C.

Figure 20: Preparation of composite armor targets (left) and final armor target after trimming
(right).

5.2.3 Army Vehicle Hoods Dem/Val Testing

For the truck hood, the ability of this structure to withstand static load, cyclic load, high service
temperatures, and impact was demonstrated to simulate the forces the structure would be
exposed to in the field. A custom designed and built test fixture at the CCM (previously used to
test the HMMWYV and M35A3 hood designs) was used to validate the hood’s performance. The
testing was performed on an M35A3 and M939 hood prepared from FAVE-L-HT, 8605
Huntsman Epoxy, and Hetron 980/35.
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The validation testing experiments were performed at the CCM in Newark, DE from June 2008 —
April 2009 at room temperature. In the static load experiments, a 250 Ib weight was placed over
a 3” x 3” area at the center and front center of the hood to simulate a soldier standing on the hood
(Figure 21). 250 Ib load applied to the outside surface over a maximum 10”x10” area. The load
was applied at the center and front areas of the hood. The deflection was measured at the point
of application of the load but on the opposite surface. Plot of load vs. deflection was obtained.
The hood is required to deflect no more than 0.25” at -50°F and 0.5” at 250°F and sustain no
damage. The durability requirement is for the hood to resist all damage from a 250 Ib force
downward at the center of the hood followed by 100,000 cycles at 1 cps to simulate a cyclic
soldier load on the hood for the lifetime of the vehicle. Upon completion a plot of load vs.
deflection was obtained. The flexural properties must be such that when an upward force of 50
Ibf at the right and left corners will not cause any damage to the part and not result in greater
than 0.5 deflection (Figure 22). An upward load was applied at the corner lift handles. The
center latch was engaged and both right and left sides was tested (separately). Displacement of
the hood corner above the fixture was measured. Plots of load vs. deflection was obtained. The
lifting load will not exceed 100 Ibs. The structure must withstand cyclic corner loads. 50 Ib
upward loads was applied at the corner lift handles with the center latch engaged. The loads was
applied in alternating fashion (right then left) over a 8 hour period at 10 cycles per minute. Upon
completion plots of load vs. deflection was obtained. These tests simulate a lifetime of lifting the
corners of the hood. The impact resistance was quantified by dropping a 2 Ib chrome plated steel
ball with 2-3/8” diameter from six feet onto the hood. The ball was dropped on six different
locations to ensure toughness across the structure, as only insignificant cosmetic damage is
considered acceptable.

Figure 21: Center loading (left) and front loading (right) of M35A3 hood in test frame for static
and cyclic testing.
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Figure 22: Flexural loading showing driver side (left) and passenger side (right) loading of
M35A3 hood in test frame for static and cyclic loading.

Army vehicle hoods were also tested for form, fit, and function at RRAD during March 2009.
The testing was performed on an M35A3 and M939 hood prepared from FAVE-L-HT, 8605
Huntsman Epoxy, and Hetron 980/35. RRAD attached each of these hoods to the respective
vehicle and examined the form, fit, and function. Essentially, how well the hood fit on the truck
was observed. The load bearing capacity of the hood was assessed by the operator walking and
jumping on the hood.

524 Army HMMWYV Transmission Container Dem/Val Testing

5.2.4.1 CCM Validation Testing

The properties of the HMMWYV transmission containers were measured in the CCM using
established procedures. The procedures are a part of a developing technical data package, but
are not yet approved, as such there is no current specification number. The testing was
performed on FAVE-L-25S and FAVE-O-25S relative to the incumbent resin, Derakane 8084

Edgewise Drop Test

The procedure for the edgewise drop test is:

The packed container (with appropriate HMMWYV transmission) shall be supported at one end of
its base on a wood sill or block, 15 centimeters (cm) in height, and placed at right angles to the
skid. Each of the bottom edges of the packed container shall be elevated and allowed to drop
freely onto a metal surface. The opposite end of the container shall be raised and allowed to
drop freely from heights of 30, 60, and 90 cm successively onto a concrete or metal surface.

The test shall be applied to each end of the container. If the size of the container and the location
of the center of gravity are such that drop tests cannot be made from all of the prescribed heights,
the greatest attainable height shall be the height for succeeding drops until a total of three drops
have been accomplished.

Drops were completed for three different heights.
» Short edge drop heights: 18”, 29.5” and 37”
» Long edge drop heights: 18” and 26 twice.
Figure 23 is a photograph of the setup for the edgewise drop test.
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Figure 23: Photograph of set up for edgewise drop test.

Cornerwise Drop Test

The procedure for the cornerwise drop test is:

The packed container shall be supported at one corner of its base on a block, 15 cm in height. A
block, 30 cm in height, shall be placed under the other corner of the same end of the container.
Each of the bottom corners of the packed container shall be elevated and allowed to drop onto a
metal surface. The lowest point of the opposite end of the container shall then be raised and
allowed to fall freely from heights of 30, 60, and 90 cm successively onto a concrete or metal
surface. If the size of the container and the location of the center of gravity are such that drop
tests cannot be performed from all of the prescribed heights, the greatest attainable height shall
be the height for succeeding drops until a total of three drops have been accomplished. This test
shall be applied on two diagonal corners at the bottom of the container.

Drops were completed for three different heights.
» Drop heights for short edge supported: 187, 29.5”, and 34"
» Drop heights for long edge supported: 18” and 22” twice.
Figure 24 is a photograph of the setup for the edgewise drop test.
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Figure 24: Photograph of set up for cornerwise drop test.

Tip Over Test

The procedure for the tip over test is:

The packed container shall be slowly tipped to the side until it fell freely and solely by its own
weight to the floor. After righting the container, the test was repeated on the opposite side.
Figure 25 depicts the tip over test.

Figure 25: Photographs of the tip over test.

Impact Test

The procedure for the impact test is:

An Impact test shall be applied to each end of the packed container. The container shall be
suspended, as a pendulum, at the end of four or more cables. The cables shall be of sufficient
length to prevent any interference or binding. A flat, vertical, stationary masonry or metal
barrier, with a thickness of not more than 5 cm of wood between the barrier and container shall
be provided for the container to strike against. The suspended container shall be raised vertically
to a height which will allow the lowest point of the container (while swinging through the arc of
the pendulum) to clear the floor. While the suspended container is resting lightly against the
barrier and prior to pulling back for the impact, the center of balance shall be marked (if not
stenciled on the container) as a measuring reference point. This mark shall be placed at the
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lowest point on the container shell. The suspended container shall be pulled back with a straight
even pull until a height of 46 cm plus the aforementioned floor clearance is reached. This
measurement shall be taken from the measuring reference point on the container to the floor. At
this point, the container shall be released in a manner to allow a smooth even travel to the barrier.

The suspended container was pulled back to a height of 46 cm above its rest position. The

container was then released and allowed to impact a steel barrier with 1” thick wood covering.
Figure 26 depicts the impact test.

Figure 26: Photographs of the impact test.

Flatwise Drop Test
The packed container was raised with its base parallel to the floor and allowed to fall freely from

heights of 15 and 30 cm. Figure 27 is a photograph of the test.

Figure 27: Photograph of the flatwise drop test.

Stacking Test
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The stacking test shall be performed using a forklift truck to place the unloaded base on the
cover in a normal stacking position. The stacked arrangement shall then be tilted 15° from the
horizontal in two mutually perpendicular planes. Test pass criteria:
» Any slippage in excess of stacking provisions, (e.g., between male and female
mating surfaces) constitutes failure.
* Inability of the forklift to effect a stable arrangement constitutes failure.

The stacking test was performed using a forklift truck to place the container upon another.

The stacked arrangement was then be tilted 15° from the horizontal in two mutually
perpendicular planes. The test was performed twice, in one test with the FAVE container on the
bottom, and the other with it on top. Figure 28 shows photographs depicting the stacking test.

Figure 28: Photographs depicting the stacking test.

Concentrated Load Resistance
The container shall be placed on its bottom on a flat, level, rigid floor. A load W shall be applied
to the top of the container in a manner simulating the effect of similar containers being stacked
on top.
W =P x (16-H)/H
P = weight of the loaded container
H = height of the container, in feet
Test duration shall be for a total of sixteen (16) hours.
Test pass criteria:
* No permanent deformation, cracking or any damage which would impair the
functional performance of the container

A load of 1800 Ibs was applied to the top of the container in a manner simulating the effect of
similar containers being stacked. Test duration exceeded sixteen (16) hours for each
configuration (FAVE container on top or on bottom). Figure 29 is of photographs depicting the
concentrated load resistance test.
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Figure 29: Photograph showing the concentrated load resistance test.

Impact Resistance
Test was conducted at room temperature. 2 Ib steel ball was dropped on the container. The ball
will undergo a 6” drop. Impact will occur at the following locations:
* On flat surface
*  On small radius surface
* On large radius surface
Test pass criteria:
* No permanent deformation.
* No separation of reinforcements.
* No cracks allowed.

5.2.4.2 Shock and Vibration Testing of the HMMWY Shipping Containers

Shock and vibration testing of shipping containers is required in accordance with MIL-STD-
810G and A-A-52486. Testing was performed by the Aberdeen Test Center (ATC) in August
2009 on transmission containers fabricated by Sioux Manufacturing Corp. using the FAVE-L-
25S resin and the Derakane 8084 incumbent resin. The details of the testing procedure are listed
in Appendix B. In summary, endurance testing subjected the containers to vibration at their most
prominent resonant frequency (Figure 30). Loose cargo testing (shock) simulated service
conditions for when the containers would be transported by vehicle (Figure 31). Vibration
testing was completed with a representative weight installed in each container. The payload was
secured in accordance with the Operator’s Manual (OM) and with guidance from on-site
customer representatives.
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Figure 30: Vibration setup for the FAVE transmission container (left) and response accelerometer
inside the container to measure the vibration response of the container (right).

Figure 31: Loose cargo (shock) test setup.

The status of the transmission containers were documented regularly throughout the dem/val
through observations and photographs. The status of the transmission containers after the
dem/val was evaluated by observations, photographs, and a re-test of the drop tests, impact tests,
stacking test, and load/impact resistances.

5.2.4.3 Field Testing of the HMMWYV Containers

The test is a field trial in which the containers loaded with actual transmissions are handled and
transported on  vehicles. Red River Army Depot was responsible for the
reconstruction/rehabilitation of the HMMWYV and other military trucks. Therefore, this activity
mimicked real situations.

The dem/val took place over three months from June 2009 through Sep 2009. The containers
were loaded with a standard HMMWYV transmission. Red River Army Depot tested two variants
of the Transmission Container. One made with commercially available vinyl ester resin
(Derakane 8084), and one made from an experimental FAVE-L-25S.  Monthly, the HMMWV
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transmission was unloaded and a different transmission was loaded. Both containers were
loaded and unloaded from transport trucks daily. Both containers were always loaded onto the
same truck. The exact positioning of the each container on the truck was not always the same,
but there was no systematic difference in treatment/positioning of each container. In fact, RRAD
treated the test articles as they would the cardboard and wood crates that are currently used. The
difference being that the composite transmission container is easily reusable. Normal rough
handling and full use of lift rings, tie down accessories and latches was performed. We
specifically told the users at RRAD that no one should fear breaking the test item, as long as they
document how it broke. Re-settable shock sensors were placed at various places on the inside
and outside of the container to determine whether extensive shocks were received.

The status of the transmission containers and shock sensors were documented regularly
throughout the dem/val through observations and photographs. The status of the transmission
containers after the dem/val was evaluated by observations, photographs, and a re-test of the
drop tests, impact tests, stacking test, and load/impact resistances.

5.2.5 Air Force T-38 Dorsal Cover Dem/Val Testing

Processability is the primary test to qualify a resin for this application after composite panel
validation testing. Composite performance would otherwise be assessed in in-flight testing,
which was not performed for this demonstration platform. The composite part was
demonstrated/validated in January 2006. FAVE-L was the resin used and compared to the
incumbent Hexion 781-2140.

5.2.6 Air Force F-22 Canopy Cover Dem/Val Testing

Processability is the primary test to qualify a resin for this application after composite panel
validation testing. Dimensional stability of the canopy cover is also extremely important, such
that the final part adequately fits the F-22 canopy as expected. Thus, the ability of the canopy
cover to fit the canopy was evaluated through observations. The composite part was
demonstrated/validated in June 2008. FAVE-L was the resin used and compared to the
incumbent Hexion 781-2140.

5.2.7 Air Force Splash Molds Dem/Val Testing

Processability is the primary test to qualify a resin for this application after composite panel
validation testing. Dimensional stability of the splash molds is also extremely important, such
that the final part adequately fits part being molded. Thus, the dimensional stability was
evaluated through observations. The composite part was demonstrated/validated in May 2009.
FAVE-L was the resin used and compared to the incumbent Hexion 781-2140.

5.2.8 Navy MCM Rudder Dem/Val Testing

Processability is a primary test to qualify a resin for this application after composite panel
validation testing. The ability to flow across the part and wet out the part before gelation is
extremely important. In addition, the part was sectioned to ensure good wetting of the fibers in
the toes and in all areas of the part. FAVE-L-25S was the only resin validated. The resin was
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validated at SCI in Melbourne, FL between November 2008 and February 2009, while the
structure was validated at NSWCCD from March 2009 through June 2009.

70



6.0 PERFORMANCE ASSESSMENT
6.1  JTP Results and Laboratory Results
6.1.1 JTP MFA MONOMER ASSESSMENT

All batches of MFA monomers were assessed according to the JTP protocol outlines in Section
5.1. Initial testing was done to determine a methodology to efficiently and reproducibly
manufacture these monomers at API. Afterwards, these monomers were prepared in batches and
each batch was used in a number of resin batches.

6.1.1.1 MFA Production

MFA monomers were prepared by API for dem/val studies. Because the monomers were being
produced at the 5 gallon scale rather than then lab scale of ~500 mL, testing was initially
performed to determine an optimum reaction procedure at this scale. Eight batches of
monomers were prepared to determine the ideal reaction conditions (Table 11). Each batch had
slightly different molar ratios of FA to GM, and different wt% catalyst. Also, two different
catalysts were tested. API catalyst consisted of 75% triphenylphosphine and 25% triphenyl
antimony and was compared to AMC-2, which was used successfully in lab testing [13].

Table 11: Initial reaction conditions for MFA monomers to determine ideal production reaction
conditions.

Batch| MFA | FA:GM Ratio | Catalyst | Cat. Wt%| Reaction T (°C) | Duration (h)| Final Reaction T (°C) | Duration (h)
1 MLau 1.010 AMC-2 0.53 46 24
2 MLau 1.019 API #1 0.57 46 24
3 MLau 1.038 API #2 1.12 46 24
4 MLau 1.010 AMC-2 0.53 46 24 71 4
5 MLau 1.011 API| #1 0.57 46 24 71 4
6 MOct 1.022 AMC-2 0.48 46 24
7 MOct 1.022 AMC-2 0.48 46 24 71 4
8 MOct 1.019 API #1 0.50 46 24 71 4

The results of batch testing of the monomers according to the JTP clearly showed that some
formulations were better than others. Table 12 lists the viscosity as measured by both ARL and
API, amount of epoxy qualitatively measured using FTIR and quantified using NMR. The
results indicate that AMC-2 catalyst was better than the API catalyst and the high temperature
step appears to be unnecessary, but not harmful to the product. Thus, it was decided that MFA
monomers were to be prepared using the weight ratios of reactants as described in Table 13 and
reacted at a temperature of 46°C for 24 hrs in a 5 gallon bucket.
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Table 12: Batch testing results of initial production batches of MFA.
NMR Results API Viscosity ARLViscosity High Temp

Batch MFA FTIR results Epoxy/FA at 250C (cP) at 200C (cP) Step Catalyst Result
1 MLau| no epoxy 0 58 89 N AMC-2, 0.5% Good
2 MLau Epoxy 0.1 46.5 62 N API, 0.5% | Not Acceptable
3 |MLau| small epoxy 0.05 49.5 64 N API, 1% Not Acceptable
4 |MLau| no epoxy 0 73.5 85 Y AMC-2, 0.5% Good
5 | MLau| small epoxy 0.03 445 40 Y API, 0.5% | Not Acceptable
6 MOct| no epoxy 0 39.5 54 N AMC-2, 0.5% Good
7 MOct| no epoxy 0 45 49 Y AMC-2, 0.5% Good
8 MOct| no epoxy 0 57.5 64 Y API, 0.5% high viscosity

Table 13: Target reactant concentrations for the production of MFA monomers.

Reactant MLau (wt%o) MOct (wt%o)
Lauric Acid (C-12) 58.7

Octanoic Acid (C-8) 50.6
GMA 41.3 494
Aerojet AMC-2 catalyst 0.5 0.5

6.1.1.2 MFA Batch Testing

Table 14 lists the monomer batch sheet information from API for each batch of MFA prepared in
this work after the 8 trial batches. The results show low deviations in the monomer reactants, all
of which are lower than the maximum tolerable amounts of 1% FA, 1% GM, and 5% AMC-2.

Table 14: Deviation of reactant contents for the production of MFA.
Deviation (%)

MFA | Date FA GM AMC-2
MLau | May-06 | 0.00% | 0.00% | -4.00%
MLau | Sep-06 | -0.17% | 0.24% | 0.40%
MLau | Feb-07 | 0.17% | -0.24% | 0.60%
MLau | May-07 | 0.00% | 0.00% | -2.60%
MLau | Oct-07 | -0.17% | 0.24% | -3.00%
MLau | Dec-07 | 0.17% | -0.24% 1.00%
MLau | Jun-08 | -0.10% | 0.17% | 1.00%
MLau | Mar-09 | 0.10% | -0.17% | -0.50%
MOct | May-06 | 0.20% | -0.20% | 1.00%
MOct | Sep-06 | 0.00% | 0.00% | -1.00%
MOct | Feb-07 | -0.20% | 0.20% | -4.00%
MOct | May-07 | 0.00% | 0.00% | 0.40%
MOct | Jul-07 | 0.00% | 0.00% | 0.60%
MOct | Sep-07 | 0.20% | -0.20% | -2.60%
MOct | Oct-07 | 0.40% | 0.20% | -3.00%
MOct | Jun-08 | -0.20% | 0.20% | -0.60%
MOct | Mar-09 | 0.10% | -0.10% | 0.80%

Table 15 lists the acid number for each of these MFA monomers. All batches had acid numbers
that were within the specified range.
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Table 15: Acid number of MFA monomers.

Date of Acid Acceptable Acid
MFA Sample Number # Range
MLau May-06 17.5 10-20
MLau Sep-06 16.0 10-20
MLau Feb-07 15.5 10-20
MLau May-07 16.0 10-20
MLau Sep-07 15.0 10-20
MLau Oct-07 14.5 10-20
MLau Dec-07 18.7 10-20
MLau Jun-08 14.0 10-20
MLau Mar-09 13.0 10-20
MOct May-06 16.0 10-20
MOct Sep-06 16.5 10-20
MOct Feb-07 15.0 10-20
MOct May-07 15.5 10-20
MOct Jul-07 16.5 10-20
MOct Sep-07 16.0 10-20
MOct Oct-07 12.8 10-20
MOct Jun-08 13.0 10-20
MOct Mar-09 13.2 10-20

The viscosities of the MFA monomers were measured and are listed in Table 16. The first
couple of batches had viscosity problems. In the first case, the reason was known as the reaction
was run too long. The reaction procedure was modified to improve the results.

Table 16: Viscosity of MFA monomers.

Acceptable
Date of Viscosity Viscosity

MFA Sample (cP) (cP) Comments
MLau May-06 114 <80 Reacted too long
MLau Jun-06 88 <80

MLau Sep-06 75 <80

MLau Feb-07 70 <80

MLau May-07 75 <80

MLau Sep-07 72 <80

MLau Oct-07 75 <80

MLau Dec-07 70 <80

MLau Jun-08 70 <80

MLau Mar-09 70 <80

MOct May-06 74 <70 Reacted too long
MOct Sep-06 40 <70

MOct Feb-07 45 <70

MOct May-07 50 <70

MOct Jul-07 55 <70

MOct Sep-07 45 <70

MOct Oct-07 40 <70

MOct Jun-08 40 <70

MOct Mar-09 40 <70
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FTIR of each MFA batch was also performed. For all batches, the epoxide peak from the
glycidyl methacrylate product was gone after reaction, indicating complete reaction of the
glycidyl methacrylate. Thus, FTIR qualitatively showed good performance of each batch and
was not sensitive enough to ensure high quality from batch to batch,

SEC results were used to indicate whether polymerization occurred during reaction or high
contents of unreacted species remained. Like FTIR, all the results were similar and indicated no
polymerization and similar and low amounts of remaining unreacted compounds.

NMR was used to assess the fatty acid backbone ratio to methacrylate ratio in the monomer. The
results are shown in Table 17. The results clearly show acceptable FA/GM range although it was
slightly higher during the first few batches and became lower over the course of time, as a result
of improvements in the MFA preparation process.

Table 17: NMR results of MFA monomers.

Acceptable
Date of FA:GM FA/GM ratio

MFA Sample Ratio range

MLau May-06 1.06 1.1-0.95
MLau Sep-06 1.05 1.1-0.95
MLau Feb-07 1.04 1.1-0.95
MLau May-07 1.05 1.1-0.95
MLau Sep-07 1.04 1.1-0.95
MLau Oct-07 1.03 1.1-0.95
MLau Dec-07 1.03 1.1-0.95
MLau Jun-08 1.04 1.1-0.95
MLau Mar-09 1.03 1.1-0.95
MOct May-06 1.05 1.1-0.95
MOct Sep-06 1.07 1.1-0.95
MOct Feb-07 1.06 1.1-0.95
MOct May-07 1.05 1.1-0.95
MOct Jul-07 1.05 1.1-0.95
MOct Sep-07 1.04 1.1-0.95
MOct Oct-07 1.05 1.1-0.95
MOct Jun-08 1.04 1.1-0.95
MOct Mar-09 1.04 1.1-0.95

6.2.1 Resin Formulations

6.2.1.1 Introduction

During SERDP PP-1271, it was determined that resins containing 65% VE, 20-25% styrene, and
15-10% MFA were optimum resin formulations. However, these resins used contained VE 828,
a non-commercial vinyl ester monomer. All resins used in this work must be commercially
available or able to be manufactured for this project. It was determined a priori, that the
production of vinyl ester monomers, such as VE 828, would be too difficult.
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To solve this issues, commercial resins were going to be blended with MFAs to produce the
FAVE resins. Derakane 441-400 was a good starting candidate because of the moderate
molecular weight of its vinyl ester monomers (~700 g/mol) and low styrene content (33 wt%)
[9,27]. To formulate the FAVE with the correct amount of VE, styrene, and MFA, pure vinyl
ester monomer would have to be added to the batch. Again, commercial production of VE 828
was not going to be considered. Fortunately, there exists commercial vinyl ester monomers,
Sartomer CN151 [28] and Cytec RDX26936 [29], that are similar to VE 828.

Another alternative was also determined during the course of this project: Arapol 914 [30]. This
vinyl ester contains 20% styrene, but is otherwise very similar to VE 828. As an added benefit,
because it is already mixed with styrene, it is very simple to mix this product with other
chemicals. This is unlike VE 828, CN151 and RDX26936, all which require heating to ~70°C
and extensive mixing to ensure homogenization. As a result, no resins used in this work were
manufactured in significant quantities using these vinyl esters as the sole source of vinyl ester
monomers. However, laboratory samples were prepared using pure VE monomers as the sole
source of cross-linkers.

To achieve high temperature properties, commercial vinyl ester resins use Novolac vinyl esters,
such as in Derakane 470HT-400 [31], instead of bisphenol A vinyl esters. Thus, to make high
temperature formulations, we used Derakane 470HT-400 to manufacture these resins. However,
there is no supplier of pure Novolac vinyl ester monomers. Thus the FAVE high temperature
formulations are a blend of Novolac VE (from Derakane 470HT-400) and Bisphenol A VE (from
CN-151, RDX26936, or Arapol 914). Derakane 470HT-400 contains 33 wt% styrene [31].

To achieve toughened properties analogous to Derakane 8084 [32], some laboratory FAVE
formulations were prepared using Derakane 8084 as a basis. Derakane 8084 uses a Carboxy-
terminated butadiene rubber modified vinyl ester cross-linker to achieve high toughness, but with
reduced Tg. This vinyl ester monomer is not supplied commercially without styrene. Thus,
toughened FAVE formulations were based Derakane 8084 and blended with standard bisphenol
A VE (from CN-151, RDX26936, or Arapol 914). Derakane 8084 contains 40 wt% styrene [32].

As a result of all of these possible ways to formulate a given resin, there are a number of variants
for each type of formulation. Selection of the optimum variant is based on two criteria, which
have been found to be the important criteria for these types of vinyl ester resins: viscosity and
glass transition temperature. Viscosity is especially important in FAVE resins because reduced
styrene content generally means higher viscosity, reducing the ability to vacuum infuse these
resins. Tg is important because it determines the operating temperature range of the resulting
part.

6.2.1.2 Resin Formulations and Variants
Each resin formula used the components listed in Figure 32. Novolac VE provide the highest
thermal properties, but also tend to be more brittle. MFA monomers tend to reduce Tg and have
higher viscosities than styrene, but result in resins with reduced HAP content.
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Figure 32: Schematic structures of Novolac VE, Bisphenol A VE, styrene, and MLau, and MOct.
There are a number of base formulations that were determined a priori (Table 18). In particular,

these are the FAVE-L/O and FAVE-L/O-25S. The-HT formulations were defined only after it
was determined that the -25S formulations did not meet the properties required for the Army
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hood applications. That development is discussed in Appendix C. The basic formulations using
65 wt% bisphenol A vinyl esters only contained 20 wt% styrene and 15 wt% MFA (FAVE-L or
FAVE-O) or 25 wt% styrene and 10 wt% MFA (FAVE-L-25S and FAVE-O-25S). The basic
formulations containing a total of 65 wt% Novolac and Bisphenol A VE with 25 wt% styrene
and 10 wt% MFA are FAVE-L-HT and FAVE-O-HT.

Table 18: Basic resin formulations.

Basic Bisphenol VE | Bis A/Novolac | MLau MOct (wt%) | Styrene
Formulation (Wt%) VE (wt%) (Wt%) (Wt%)
FAVE-L 65 15 20
FAVE-O 65 15 20
FAVE-L-25S | 65 10 25
FAVE-O-25S | 65 10 25
FAVE-L-HT 65 10 25
FAVE-O-HT 65 10 25

Resin variants were created for each formula depending on basis of the resin (e.g., Arapol 914 or
Derakane 441-400), the pure VE monomer used (e.g., CN-151 and RDX26936). Appendix C
shows the work that was done to determine some of those resin variants of interest. The
formulation variants are listed in Table 19-Table 25. The initial formulations for FAVE-L/O and
FAVE-L/O-25S used Derakane 441-400 and CN-151 and were given the base name. The
variants that used different components to make the same formulation were given extensions to
signify the variant. For example, -RDX resins were formulated with Derakane 441-400 and
RDX26936. —Al resins used Arapol only as the VE component, while —A2 resins used Arapol
914 and Derakane 441-400. —-VE formulation used only pure VE (RDX26936) for comparison
purposes only and was never manufactured at a significant scale. —T resins are toughened resin
formulations containing Derakane 8084 as a basis for the resin. These were not used in this
dem/val program, but were developed nonetheless in case they were necessary to meet
performance requirements. The development of these toughened resins is discussed in Appendix
C.

Table 19: The formulations for the resin varients of FAVE-L and the neat resin properties. In bold
are the optimum properties and highlighted in green is the optimum formulation.

Component FAVE-L FAVE-L-RDX FAVE-L-A1l FAVE-L-A2 FAVE-L-VE
Derakane 441-400 60.6% 60.6% 23.1%

Arapol 914 81.0% 61.9%

CN151 24.4%

RDX26936 24.4% 65.0%
Styrene Added 4.0% 20.0%
MLau 15.0% 15.0% 15.0% 15.0% 15.0%
Viscosity at 25°C

(cP) 900 850 600 650 600
Tg Dry (°C) 102 106 120 114 118
Tg Wet (°C) 91 95 110 107 110
Flex Mod (GPa) 2.7 2.7 2.7 2.7 2.7
Flex Str (MPa) 120 120 120 120 120
Gic (I/m?) 150 220 190 200 170
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Table 20: The formulations for the resin varients of FAVE-O and the neat resin properties. In
bold are the optimum properties and highlighted in green is the optimum formulation.

Component FAVE-O FAVE-O-RDX FAVE-O-Al FAVE-O-A2 FAVE-O-VE
Derakane 441-400 60.6% 60.6% 23.1%

Arapol 914 81.0% 61.9%

CN151 24.4%

RDX26936 24.4% 65.0%
Styrene Added 4.0% 20.0%
MOct 15.0% 15.0% 15.0% 15.0% 15.0%
Viscosity at 25°C

(cP) 850 800 680 730 690
Tg Dry (°C) 101 105 122 116 120
Tg Wet (°C) 91 95 111 109 108
Flex Mod (GPa) 2.7 2.7 2.7 2.7 2.7
Flex Str (MPa) 120 120 120 120 120
Gic (I/m?) 140 220 180 190 160

Table 21: The formulations for the resin varients of FAVE-L-25S and the neat resin properties. In
bold are the optimum properties and highlighted in green is the optimum formulation.

FAVE-L-25S- FAVE-L-25S- FAVE-L-25S- FAVE-L-25S-
Component FAVE-L-25S RDX Al A2 \=
Derakane 441-400 75.8% 75.8% 54.0%
Arapol 914 81.0% 36.0%
CN151 14.2%
RDX26936 14.2% 65.0%
Styrene Added 9.0% 25.0%
MLau 10.0% 10.0% 10.0% 10.0% 10.0%
Viscosity at 25°C
(cP) 550 550 360 455 350
Tg Dry (°C) 111 118 125 120 125
Tg Wet (°C) 101 110 115 111 114
Flex Mod (GPa) 2.9 2.9 2.9 2.9 2.9
Flex Str (MPa) 125 125 125 125 125
Gic (I/m?) 120 200 170 180 150

78



Table 22: The formulations for the resin varients of FAVE-O-25S and the neat resin properties. In
bold are the optimum properties and highlighted in green is the optimum formulation.

FAVE-O- FAVE-O-25S- FAVE-O-25S- FAVE-O-25S-
Component FAVE-O-25S 25S-RDX Al A2 \Vi=
Derakane 441-400 75.8% 75.8% 54.0%
Arapol 914 81.0% 36.0%
CN151 14.2%
RDX26936 14.2% 65.0%
Styrene Added 9.0% 25.0%
MOct 10.0% 10.0% 10.0% 10.0% 10.0%
Viscosity at 25°C
(cP) 550 470 350 475 360
Tg Dry (°C) 115 119 128 121 128
Tg Wet (°C) 104 110 119 111 120
Flex Mod (GPa) 2.9 2.9 2.9 2.9 2.9
Flex Str (MPa) 125 125 125 125 125
Gic (3/m?) 120 190 165 180 140

Table 23: The formulations for the resin varients of FAVE-L-HT and FAVE-O-HT and the neat
resin properties. In bold are the optimum properties and highlighted in green is the optimum

formulation.
FAVE-L-HT- FAVE-O-HT-

Component FAVE-L-HT  FAVE-O-HT FAVE-L-HT-RDX FAVE-O-HT-RDX A2 A2
Derakane 470HT-400 75.8% 75.8% 75.8% 75.8% 54.0% 54.0%
Arapol 914 36.0% 36.0%
CN151 14.2% 14.2%
RDX26936 14.2% 14.2%
Styrene Added
MLau 10.0% 10.0% 10.0%
MOct 10.0% 10.0% 10.0%
Viscosity at 25°C (cP) 560 530 560 530 535 515
Tg Dry (°C) 140 141 143 144 144 144
Tg Wet (°C) 130 131 133 135 132 135
Flex Mod (GPa) 2.8 2.8 2.8 2.8 2.8 2.8
Flex Str (MPa) 110 110 110 110 110 110
Gic (I/Im?) 85 80 85 85 95 95

79



Table 24: The formulations for the resin varients of toughened FAVE-L/O and the neat resin
properties. In bold are the optimum properties.

Component FAVE-L-T1 FAVE-O-T1 FAVE-L-T2 FAVE-O-T2
Derakane 8084 50.0% 50.0% 15.0% 15.0%
Arapol 914 70.0% 70.0%
RDX26936 35.0% 35.0%

Styrene Added

MLau 15.0% 15.0%

MOct 15.0% 15.0%
Viscosity at 25°C

(cP)

Tg Dry (°C) 102 105 111 113
Tg Wet (°C) 101 101 113 115
Flex Mod (GPa) 2.7 2.7 2.8 2.8
Flex Str (MPa) 110 110 115 115
Gic (I/m?) 450 420 300 300

Table 25: The formulations for the resin varients of toughened FAVE-L/O-25S and the neat resin

properties. In bold are the optimum properties.
FAVE-L-25S-  FAVE-O-25S-  FAVE-L-25S-  FAVE-O-25S-

Component T1 T1 T2 T2
Derakane 8084 62.5% 62.5% 55.0% 55.0%
Arapol 914 35.0% 35.0%
RDX26936 27.5% 27.5%

Styrene Added

MLau 10.0% 10.0%

MOct 10.0% 10.0%
Viscosity at 25°C

(cP)

Tg Dry (°C) 114 115 125 127
Tg Wet (°C) 101 101 113 115
Flex Mod (GPa) 2.6 2.6 2.7 2.7
Flex Str (MPa) 105 105 115 115
Gic (I/m?) 350 330 250 250

Each of these tables clearly shows one or two variants that are ideal for each resin formulation
and some are clearly inferior. In general, the —Al variant proved to be the ideal formulation
having optimized most properties in addition to having the simplest processing. In the case of
the high temperature formulations, the FAVE-O-HT-A2 proved to be the ideal formulation.
However, the properties were only slightly greater than that of FAVE-L-HT-A2 or FAVE-L-HT-
RDX. Yet, as was shown, the cost of the MOct is significantly more than that of the MLau.
Thus, FAVE-L-HT-A2 is likely the ideal formulation. However, most of these variants,
including the —A1 and —A2, were not realized until after the project had begun. Thus, the initial
variants prepared are not the ideal choice. However, these ideal variants were produced towards
the middle and end of the project for the actual demonstration/validation trials.
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6.2.1.3 Resin Formulation Conclusions
A number of conclusions can be made regarding non-toughened FAVE resin formulations:

1) FAVE resin formulations can be prepared in a variety of ways using a variety of
components.

2) RDX26936 exhibit superior performance to CN151 in terms of cure behavior and
performances.

3) Arapol 914 resins Al variants had the highest Ty and lowest viscosity, while also
eliminating the need to mix viscous VE monomers into low viscosity components.

6.2.2 Resin JTP Results

6.2.2.1 Resin Preparation

FAVE resins were prepared by API using the formulas described in Table 18-Table 23. Because
CN-151 and RDX26936 are very viscous, it had to be heated to 70°C to reduce the viscosity
enough to allow it to flow to be able to easily remove it from the can. The CN-151 or
RDX26936 is then added to the other resin components in a bucket or drum. The bucket or drum
is then roll-mixed for up to a week to ensure homogeneity of the resin. For resin formulations
containing components other than CN-151 or RDX26936, the components are added to a bucket
or drum and roll mixed for 2 hours to ensure homogeneity. The mix sheets as given by API
generally show slight deviations from the desired formulas (Table 26 and Table 27). Clearly,
resins that used CN-151 had the highest mix sheet deviation. RDX26936 had a much lower
deviation from CN-151, likely due to improvements in processing allowing for better metering
out of components. Resins using Arapol had the lowest deviation as a result of the lower
viscosity of Arapol, making pouring and weighing out this component much easier.
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Table 26: Deviation in component concentrations of FAVE-L/O and FAVE-L/O-25S according to
API mix sheets.

Deviation (%)

Resin Date 441-400 | Arapol 914 | CN151 | RDX26936 MFA
FAVE-L May-06 | -0.24% 0.83% -0.39%
FAVE-L Jul-06 -0.50% 0.93% 0.50%
FAVE-L Mar-07 0.02% 0.11% -0.24%
FAVE-L May-07 | -0.04% 0.05% 0.06%
FAVE-O May-06 | -0.04% 0.05% 0.06%
FAVE-O Jul-06 0.00% 0.09% -0.15%

FAVE-L-25S Jul-06 -0.14% 0.90% -0.24%
FAVE-L-25S Aug-07 | -0.27% 1.65% -0.33%
FAVE-L-25S Sep-07 | -0.27% 1.65% -0.33%
FAVE-L-25S Dec-07 | -0.36% 2.08% -0.24%
FAVE-L-25S-RDX Feb-08 | -0.10% 0.50% -0.15%
FAVE-L-25S-RDX Jul-08 0.15% -0.10% 0.20%
FAVE-L-25S-A2 Dec-08 | -0.03% 0.03% -0.01%
FAVE-L-25S-A2 Apr-09 -0.02% 0.01% -0.01%
FAVE-O-25S Aug-06 0.05% -0.51% 0.35%
FAVE-O-25S Feb-07 0.12% 0.00% -0.91%
FAVE-O-25S Jul-07 0.13% -1.03% 0.49%
FAVE-O-25S Sep-07 0.05% -0.41% 0.24%
FAVE-O-25S Nov-07 0.06% -0.32% 0.00%
FAVE-O-25S Dec-07 0.07% -0.02% -0.54%
FAVE-O-25S-RDX Feb-08 | -0.12% 0.40% -0.20%
FAVE-O-25S-RDX Jun-08 -0.01% 0.30% -0.05%
FAVE-O-25S-A2 Dec-08 0.01% -0.05% 0.02%
FAVE-O-25S-A2 Apr-09 -0.03% 0.05% -0.02%

Table 27: Deviation in component concentrations of FAVE-L/O-HT according to APl mix sheets.

Deviation (%)
470HT-

Resin Date 400 Arapol 914 | CN151 | RDX26936 MFA
FAVE-O-HT Feb-07 -0.17% 0.76% 0.19%
FAVE-O-HT Jul-07 0.05% -0.41% 0.24%

FAVE-O-HT-RDX Sep-07 0.03% 0.17% -0.49%
FAVE-O-HT-RDX Jan-08 0.05% -0.10% 0.07%
FAVE-O-HT-A2 May-08 -0.01% 0.03% -0.05%
FAVE-O-HT-A2 Sep-08 0.03% -0.03% 0.01%
FAVE-L-HT-RDX May-08 0.10% -0.25% 0.15%
FAVE-L-HT-A2 Oct-08 -0.08% 0.05% 0.00%
FAVE-L-HT-A2 Mar-09 -0.07% 0.04% -0.01%
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6.2.2.2 Resin Batch Testing
Batch testing of each resin batch was performed according to the JTP. The batch testing
included chemical analysis through FTIR, SEC, NMR, and acid number titration and physical
property measurements, including viscosity and DMA property measurement.

FTIR results of all FAVE resins were qualitative in nature. The results all confirmed the
presence of styrene (910 cm-1) and vinyl ester and MFA methacrylate peaks (942 cm-1). SEC
results were also used qualitatively. These results did not show the presence of any peaks at low
retention times, indicating undesired polymerization before use. Thus, based on these results, no
degradation of the resins was observed during the normal course of use and storage of these
resins.

NMR results were used to quantify the amount of VE, styrene, MFA. Furthermore, NMR was
used to determine the molecular weight of the VE monomers in FAVE-L, FAVE-O, and FAVE-
L-25S, and FAVE-O-25S resins. NMR cannot quantify the molecular weight of Novoloc VE,
thus preventing this measurement for FAVE-L-HT and FAVE-O-HT.

The results of NMR analysis are tabulated in Table 28. The results clearly show that initial
formulations have a few red values (indicating values outside of specifications). Initial batches
were packaged in plastic containers. Styrene is able to diffuse out of these containers, and
reduces the amount of styrene in the resin. This problem was clearly solved as later batches all
much more closely met the specification for styrene content.
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Table 28: NMR batch testing results of FAVE resins.

Experimental Values

Expected Values

VE VE
MW Styrene Content | MFA MW Styrene Content MFA
Date of
Resin Sample (g/mol) (Wt%) (Wt%) | (g/mol) (Wt%) (Wt%)
FAVE-L May-06 634 19.1% 15.1% 644 20.0% 15.0%
FAVE-L Jul-06 654 19.6% 15.3% 644 20.0% 15.0%
FAVE-L Mar-07 645 18.5% 15.4% 644 20.0% 15.0%
FAVE-L May-07 645 18.4% 15.1% 644 20.0% 15.0%
FAVE-O May-06 644 19.8% 15.1% 644 20.0% 15.0%
FAVE-O Jul-06 645 18.1% 15.5% 644 20.0% 15.0%
FAVE-L-25S Aug-07 670 23.9% 10.3% 666 25.0% 10.0%
FAVE-L-25S Sep-07 660 25.0% 10.5% 666 25.0% 10.0%
FAVE-L-25S Dec-07 652 23.8% 10.4% 666 25.0% 10.0%
FAVE-L-25S Jan-08 658 24.9% 10.5% 666 25.0% 10.0%
FAVE-L-25S-RDX Feb-08 655 24.7% 10.2% 666 25.0% 10.0%
FAVE-L-25S-RDX Jul-08 675 24.8% 10.3% 666 25.0% 10.0%
FAVE-L-25S-A2 Dec-08 680 24.9% 10.2% 670 25.0% 10.0%
FAVE-L-25S-A2 Apr-09 675 24.9% 10.1% 670 25.0% 10.0%
FAVE-O-25S Aug-06 675 23.5% 10.5% 666 25.0% 10.0%
FAVE-O-25S Feb-07 665 24.3% 10.4% 666 25.0% 10.0%
FAVE-O-25S Jul-07 670 22.6% 12.5% 666 25.0% 10.0%
FAVE-O-25S Sep-07 672 24.1% 10.6% 666 25.0% 10.0%
FAVE-O-25S Nov-07 658 24.9% 10.3% 666 25.0% 10.0%
FAVE-O-25S Dec-07 659 24.8% 10.4% 666 25.0% 10.0%
FAVE-O-25S-RDX Feb-08 672 25.0% 10.5% 666 25.0% 10.0%
FAVE-O-25S-RDX Jun-08 658 24.8% 10.4% 666 25.0% 10.0%
FAVE-O-25S-A2 Dec-08 680 25.1% 10.1% 670 25.0% 10.0%
FAVE-O-25S-A2 Apr-09 653 25.0% 10.0% 670 25.0% 10.0%
FAVE-O-HT Feb-07 24.1% 10.1% 25.0% 10.0%
FAVE-O-HT Jul-07 23.8% 10.2% 25.0% 10.0%
FAVE-O-HT-RDX Sep-07 24.2% 10.1% 25.0% 10.0%
FAVE-O-HT-RDX Jan-08 24.8% 10.0% 25.0% 10.0%
FAVE-O-HT-A2 May-08 24.9% 10.1% 25.0% 10.0%
FAVE-O-HT-A2 Sep-08 24.8% 10.3% 25.0% 10.0%
FAVE-L-HT-RDX May-08 24.7% 9.9% 25.0% 10.0%
FAVE-L-HT-A2 Oct-08 25.0% 10.2% 25.0% 10.0%
FAVE-L-HT-A2 Mar-09 25.0% 10.1% 25.0% 10.0%

Acid number titration determined the amount of free acid in the resin, mostly a result of residual
FA in the MFA, although some of the acid is due to remaining methacrylic acid from the
commercial production of VE monomers. Acid number titration results (Table 29) showed that
all batches passed the acid number specifications.
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Table 29: Acid number titration results of FAVE batches.

Date of Acid Acid #
Resin Sample Number Range
FAVE-L May-06 8.8 5-10
FAVE-L Jul-06 8.0 5-10
FAVE-L Mar-07 7.0 5-10
FAVE-L May-07 6.8 5-10
FAVE-O May-06 9.0 5-10
FAVE-O Jul-06 7.9 5-10
FAVE-L-25S Aug-07 7.0 5-10
FAVE-L-25S Sep-07 7.0 5-10
FAVE-L-25S Dec-07 6.6 5-10
FAVE-L-25S Jan-08 5.9 5-10
FAVE-L-25S-RDX Feb-08 5.8 5-10
FAVE-L-25S-RDX Jul-08 6.0 5-10
FAVE-L-25S-A2 Dec-08 5.8 5-10
FAVE-L-25S-A2 Apr-09 5.9 5-10
FAVE-O-25S Aug-06 7.5 5-10
FAVE-O-25S Feb-07 7.2 5-10
FAVE-O-25S Jul-07 6.7 5-10
FAVE-O-25S Sep-07 6.7 5-10
FAVE-O-25S Nov-07 6.8 5-10
FAVE-O-25S Dec-07 6.8 5-10
FAVE-O-25S-RDX Feb-08 5.9 5-10
FAVE-O-25S-RDX Jun-08 5.8 5-10
FAVE-O-25S-A2 Dec-08 6.1 5-10
FAVE-O-25S-A2 Apr-09 5.9 5-10
FAVE-O-HT Feb-07 14.8 10-20
FAVE-O-HT Jul-07 14.8 10-20
FAVE-O-HT-RDX Sep-07 15.4 10-20
FAVE-O-HT-RDX Jan-08 15.2 10-20
FAVE-O-HT-A2 May-08 15.1 10-20
FAVE-O-HT-A2 Sep-08 14.9 10-20
FAVE-L-HT-RDX May-08 15.0 10-20
FAVE-L-HT-A2 Oct-08 15.0 10-20
FAVE-L-HT-A2 Mar-09 14.4 10-20

Styrene evaporative measurements were performed on many batches of resin (Table 30). This
test was not originally part of the JTP, but was determined that it should be because of its
accurate measurement of styrene concentration. As a result, the first few batches of resin were
not tested, but all later batches were tested. The results show that the initial batches had low
styrene contents, causing the higher viscosities that were observed for the users. Switching to
metal containers reduced the styrene losses in these samples, resulting in higher quality FAVE
resins that conformed better to JTP specifications.
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Table 30: Styrene weight percent content in FAVE resins measured using as evaportaive losses in
TGA experiment.

Date of Styrene
Resin Sample wt%
FAVE-L May-06 N/A
FAVE-L Jul-06 N/A
FAVE-L Mar-07 18
FAVE-L May-07 17
FAVE-O May-06 N/A
FAVE-O Jul-06 N/A
FAVE-L-25S Aug-07 23
FAVE-L-25S Sep-07 22.5
FAVE-L-25S Dec-07 23
FAVE-L-25S Jan-08 23.5
FAVE-L-25S-RDX Feb-08 24.5
FAVE-L-25S-RDX Jul-08 24.7
FAVE-L-25S-A2 Dec-08 24.8
FAVE-L-25S-A2 Apr-09 24.7
FAVE-O-25S Aug-06 N/A
FAVE-O-25S Feb-07 N/A
FAVE-O-25S Jul-07 22.9
FAVE-O-25S Sep-07 23.4
FAVE-O-25S Nov-07 24.1
FAVE-O-25S Dec-07 24
FAVE-O-25S-RDX Feb-08 24.5
FAVE-O-25S-RDX Jun-08 24.8
FAVE-O-25S-A2 Dec-08 24.8
FAVE-O-25S-A2 Apr-09 24.7
FAVE-O-HT Feb-07 N/A
FAVE-O-HT Jul-07 23.6
FAVE-O-HT-RDX Sep-07 24.2
FAVE-O-HT-RDX Jan-08 24.5
FAVE-O-HT-A2 May-08 24.7
FAVE-O-HT-A2 Sep-08 24.7
FAVE-L-HT-RDX May-08 24.6
FAVE-L-HT-A2 Oct-08 24.7
FAVE-L-HT-A2 Mar-09 24.9

Viscosity measurements were run on each FAVE batch (Table 31). Viscosity results clearly
showed that the initial batches had viscosity issues, while later batches did not. Again, this is
due to switching the resin storage method from plastic to metal containers. After this switch, the
resin viscosities were reduced considerably and met the specifications with ease. Resins using
MLau as a reactive diluent have slightly higher viscosities than resins using MOct. Increasing
styrene content reduced the viscosity of the resin as expected because styrene is the least viscous
component. FAVE-HT resins (25 wt% styrene) have slightly higher viscosities than FAVE-25S
resins because of the higher viscosity of novolac VE relative to bisphenol A VE monomers.
Furthermore, Arapol 914-based variants had lower viscosities relative to the other varieties of
that same resin. Thus, the use of Arapol 914 is beneficial to the performance of FAVE resins.
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Table 31: FAVE batch viscosity.

Acceptable
Date of Viscosity Viscosity at
Resin Sample (cP) 25°C (cP)
FAVE-L May-06 1200 < 1000
FAVE-L Jun-06 910 < 1000
FAVE-L Jul-06 1120 < 1000
FAVE-L Mar-07 1550 < 1000
FAVE-L May-07 850 < 1000
FAVE-O May-06 1200 < 1000
FAVE-O Jul-06 990 < 1000
FAVE-L-25S Aug-07 740 < 800
FAVE-L-25S Sep-07 1030 < 800
FAVE-L-25S Dec-07 550 < 800
FAVE-L-25S Jan-08 460 < 800
FAVE-L-25S-RDX Feb-08 480 < 800
FAVE-L-25S-RDX Jul-08 490 < 800
FAVE-L-255-A2 Dec-08 450 < 800
FAVE-L-255-A2 Apr-09 460 < 800
FAVE-O-25S Aug-06 710 < 800
FAVE-O-25S Feb-07 690 < 800
FAVE-O-25S Jul-07 800 < 800
FAVE-O-25S Sep-07 1025 < 800
FAVE-O-25S Nov-07 650 < 800
FAVE-O-25S Dec-07 790 < 800
FAVE-O-25S-RDX Feb-08 450 < 800
FAVE-O-25S-RDX Jun-08 490 < 800
FAVE-O-25S-A2 Dec-08 480 < 800
FAVE-O-25S-A2 Apr-09 470 < 800
FAVE-O-HT Feb-07 950 < 1000
FAVE-O-HT Jul-07 1030 < 1000
FAVE-O-HT-RDX Sep-07 940 < 1000
FAVE-O-HT-RDX Jan-08 530 < 1000
FAVE-O-HT-A2 May-08 520 < 1000
FAVE-O-HT-A2 Sep-08 510 < 1000
FAVE-L-HT-RDX May-08 560 < 1000
FAVE-L-HT-A2 Oct-08 530 < 1000
FAVE-L-HT-A2 Mar-09 540 <1000

For batch testing, gel time of FAVE resins were characterized using a consistent content of
CoNap (0.2 wt%) and Trigonox (1 wt%) and an ambient temperature of 72°F. The gel time was
measured for each batch. The gel times are listed in Table 32. The results show that gel time
remained consistent from batch to batch. The results also showed that as the molar concentration
of cross-linker content increased, the gel time decreased. The commercial resins had higher gel
times for this same reason relative to similar FAVE resins. The Derakane 470HT-400 had a
higher gel time than the Derakane 441-400 probably due to additional inhibitor.

87



Table 32: Gel time for each batch of FAVE resins with 0.2 wt% CoNap and 1 wt% Trigonox at
72°F.

Resin Date of Sample Gel Time (min)
FAVE-L May-06 15
FAVE-L Jun-06 14
FAVE-L Jul-06 16
FAVE-L Mar-07 15
FAVE-L May-07 14
FAVE-O May-06 14
FAVE-O Jul-06 14

FAVE-L-25S Aug-07 24
FAVE-L-25S Sep-07 23
FAVE-L-25S Dec-07 22
FAVE-L-25S Jan-08 23
FAVE-L-25S-RDX Feb-08 22
FAVE-L-25S-RDX Jul-08 23
FAVE-L-25S-A2 Dec-08 23
FAVE-L-25S-A2 Apr-09 22
FAVE-O-25S Aug-06 18
FAVE-O-25S Feb-07 17
FAVE-O-25S Jul-07 15
FAVE-O-25S Sep-07 16
FAVE-O-25S Nov-07 16
FAVE-O-25S Dec-07 17
FAVE-O-25S-RDX Feb-08 16
FAVE-O-25S-RDX Jun-08 16
FAVE-O-25S-A2 Dec-08 16
FAVE-O-25S-A2 Apr-09 16
FAVE-O-HT Feb-07 30
FAVE-O-HT Jul-07 31
FAVE-O-HT-RDX Sep-07 31
FAVE-O-HT-RDX Jan-08 30
FAVE-O-HT-A2 May-08 29
FAVE-O-HT-A2 Sep-08 31
FAVE-L-HT-RDX May-08 31
FAVE-L-HT-A2 Oct-08 31
FAVE-L-HT-A2 Mar-09 30
Derakane 441-400 May 2007 29
Derakane 470HT-400 May 2007 40

Basic DMA results were recorded for cured polymer samples from each of the APl FAVE
batches (Table 33). The results showed good consistency from batch to batch of the same resin
formulation. In all cases, the switch from CN-151 to RDX26936 resulted in a 3-5°C increase in
Ty Switching from RDX26936/Derakane 441-400 blend to an Arapol 914/Derakane 441-400
blend had no significant effects on the basic resin properties.
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Table 33: Modulus at 30°C and T, of API batch samples as measured using DMA.

Date of E' at 30°C
Resin Sample T4 (°C) (GPa)

FAVE-L May-06 102 2.6
FAVE-L Jul-06 101 2.7
FAVE-L Mar-07 107 2.7
FAVE-L May-07 104 2.7
FAVE-O May-06 106 2.7
FAVE-O Jul-06 107 2.6
FAVE-L-25S Aug-07 112 2.8
FAVE-L-25S Sep-07 111 2.8
FAVE-L-25S Dec-07 114 2.7
FAVE-L-25S Jan-08 110 2.8
FAVE-L-25S-RDX Feb-08 117 2.8
FAVE-L-25S-RDX Jul-08 118 2.9
FAVE-L-25S-A2 Dec-08 118 2.8
FAVE-L-25S-A2 Apr-09 117 2.9
FAVE-O-25S Aug-06 115 2.8
FAVE-O-25S Feb-07 114 2.7
FAVE-O-25S Jul-07 116 2.7
FAVE-O-25S Sep-07 115 2.8
FAVE-O-25S Nov-07 116 2.7
FAVE-O-25S Dec-07 115 2.8
FAVE-O-25S-RDX Feb-08 118 2.9
FAVE-O-25S-RDX Jun-08 119 2.8
FAVE-O-25S-A2 Dec-08 118 2.9
FAVE-O-25S-A2 Apr-09 118 2.7
FAVE-O-HT Feb-07 130 2.8
FAVE-O-HT Jul-07 131 2.7
FAVE-O-HT-RDX Sep-07 134 2.8
FAVE-O-HT-RDX Jan-08 135 2.8
FAVE-O-HT-A2 May-08 134 2.8
FAVE-O-HT-A2 Sep-08 134 2.8
FAVE-L-HT-RDX May-08 133 2.7
FAVE-L-HT-A2 Oct-08 134 2.9
FAVE-L-HT-A2 Mar-09 133 2.8

6.2.3 Resin Properties

6.2.3.1 Gel Time Adjustability

Gel time is a function of temperature and the concentration of the components in the initiator
package. Gel time adjustability is important to be able to tune the working time of the resin for
the particular part being fabricated. The initiator package includes the catalyst (CoNap),
promoter (dimthylaniline (DMA)), inhibitor (2,4-pentanedione (2,4-P) or hydroquinone) and
initiator (Trigonox or MEKP). Ambient temperature and initiator package component
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concentrations were varied systematically to show their effect on gel time. The results below
show the effect of each of these variables on gel time.

The gel time of select batches were measured as a function storage time to determine stability of
the FAVE resin. Table 34 shows that the gel time decreased slightly over time, but for the most
part remained fairly consistent over the period of a year for these resins, indicating good shelf-
life.

Table 34: Gel time for selected FAVE resins with 0.2 wt% CoNap and 1 wt% Trigonox as a
function of storage time.

Date of Storage Time Gel Time
Resin Sample (Months) (min)

FAVE-L-25S-RDX Feb-08 0 22
FAVE-L-25S-RDX Feb-08 3 22
FAVE-L-25S-RDX Feb-08 6 21
FAVE-L-25S-RDX Feb-08 9 21
FAVE-L-25S-RDX Feb-08 12 20
FAVE-L-HT-A2 May-08 0 29
FAVE-L-HT-A2 May-08 3 28
FAVE-L-HT-A2 May-08 6 29
FAVE-L-HT-A2 May-08 9 27
FAVE-L-HT-A2 May-08 12 27

Table 35 shows the effect of temperature on gel time for constant concentrations of inhibitor
packages. Clearly, the gel time decreased as ambient temperature increased. The table also
shows that gel time decreased as CoNap or Trigonox content increased, as expected since higher
concentration of initiator and catalyst should result in more free-radical initiation sites.

Table 35: Effect of temperature on the gel time of FAVE-L.

Trigonox Cobalt Gel
Temperature Content Naphthenate DMA Hydroquinone 2,4-P Times
(°F) (Wt%) (Wt%) (Wt%) (ppm) (Wt%) (min)
71.6 1 0.14 0 100 0 262
80.6 1 0.14 0 100 0 212.5
89.6 1 0.16 0 100 0 39
71.6 1.5 0.14 0 100 0 1175
89.6 1.5 0.14 0 100 0 40
71.6 1 0.39 0 100 0 87
80.6 1 0.37 0 100 0 55
71.6 1.5 0.37 0 100 0 445
80.6 1.5 0.38 0 100 0 32
71.6 1 0.51 0 100 0 42
80.6 1 0.50 0 100 0 35
89.6 1 0.51 0 100 0 23
71.6 15 0.50 0 100 0 36
80.6 1.5 0.50 0 100 0 30
89.6 1.5 0.51 0 100 0 17
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The concentration of components also affects the gel time and can be used to adjust the gel time
to desired working time (Table 36-Table 38). The gel time results show clear trends that
increasing the 2,4-pentanedione (2,4-P) inhibitor increased the gel time. The promoter
(dimethylaniline), catalyst (CoNap), and Trigonox each result in a decreased gel time as their
concentration increased. Furthermore, very short (< 15 min) and long (> 2 hrs) gel times were
clearly achievable.

Table 36: The effect of Trigonox content on gel time of FAVE-L at 72°F.

Trigonox Cobalt
Content Naphthenate DMA Hydroquinone 2,4-P  Gel Times
(Wt%) (Wt%) (wt%) (ppm) (Wt%) (min)
1 0.14 0 100 0 262
15 0.14 0 100 0 1175
1 0.39 0 100 0 55
15 0.37 0 100 0 44.5
1 0.51 0 100 0 42
15 0.50 0 100 0 36
Table 37: The effect of CoNap content on gel time of FAVE-L at 72°F.
Cobalt
Naphthenate Trigonox Content DMA Hydroquinone 24-P  Gel Times
(Wt%) (Wt%) (Wt%) (ppm) (Wt%) (min)
0.09 1 0 100 0 313
0.14 1 0 100 0 262
0.30 1 0 100 0 72.5
0.39 1 0 100 0 55
0.51 1 0 100 0 42
0.10 15 0 100 0 404
0.14 15 0 100 0 1175
0.50 15 0 100 0 36
0.37 15 0 100 0 44.5
0.25 15 0 100 0 64

Table 38: The Effect of hydroquinone content on gel time of FAVE-L at 72°F.

Trigonox
Hydroquinone Content CoNap DMA 24-P  Gel Times

(ppm) (Wt%) (wt%)  (wt%)  (wt%) (min)
100 1 0.14 0 0 262
200 1 0.17 0 0 128.5
100 1 0.30 0 0 72.5
200 1 0.27 0 0 99
100 1 0.39 0 0 55
200 1 0.38 0 0 80.5
100 1 0.51 0 0 42
200 1 0.50 0 0 47.5
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The gel time of FAVE-O-25S was compared to that of Derakane 8084 using the same catalyst
(0.3 wt% CoNap) and initiator content (2 wt% Trigonox) measured at 70°F (Figure 33). The
results show similar trends, but the FAVE resin cured much faster for the same initiator package.
This is a result of the higher crosslinker content in FAVE-O-25S and possibly due to additional
inhibitor in the Derakane 8084 added by the manufacturer during preparation.
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Figure 33: Gel time as a function of 2,4-P content for Derakane 8084 and FAVE-O-25S at 70°F
using 0.3 wt% CoNap and 2 wt% trigonox.

Both MEKP and Trigonox were used throughout this demonstration/validation program. The gel
times of resins using the same concentrations of these initiators results in slightly different gel
times.

Appendix D shows that the desired amount of initiator package is the minimum content to
achieve the proper working time. The initiator does cause a noticeable plasticization of the resin,
thereby reducing the Tg. Appendix D also contains other gel time testing results.

Various other concentrations of initiators, catalysts, promoters, and inhibitors were used.
Overall, the results clearly show that the gel time of FAVE resins can be varied from as long as a
few hours to as short as a few minutes. Furthermore, the viscosity of VE resins, including the
FAVE resins, is fairly constant until the gel time. At the gel time, the viscosity of the resins
increases rapidly. Thus, the processing of FAVE resins should only depend on the initial
viscosity, and not the gel time as this will adjustable for liquid molding of any composite part.

6.2.3.2 Commercial Neat Resin Properties
The neat resin properties of the commercial resins are shown in Table 39. The properties of the
commercial resins are good with a combination of low viscosity and fairly high thermal
properties.
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Table 39: Properties of the commercial resins used in this work.

Viscosity Tg Wet Flex Modulus
Resin (cP) Tg Dry (°C) (°C) (MPa) Flex Str (GPa) | Gic (3/m?)

Corve 8100 200 128 119 3.0 125 150
Hexion 781-2140 300 130 121 3.0 130 160
Derakane 8084 600 115 103 2.8 120 650
Derakane 441-400 550 142 128 3.1 120 100
Hetron 980/35 500 130 119 3.0 120 150
Huntsman 8605 550 158 140 2.6 120 200

6.2.3.3 Neat Resin Viscosity
The neat resin viscosity at 25°C for the commercial and FAVE resins including all variants is
shown in Figure 34. The results show that some FAVE formulations have much higher
viscosities than the commercial resins. In particular, FAVE-L and FAVE-O have the highest
viscosities. Some of the variants, in particular the —Al and —A2 variants have viscosities that are
similar to that of some of the commercial resins. The FAVE-L/O-25S and FAVE-L/O-HT had
moderate viscosities that were comparable to that of some of the higher viscosity commercial
resins. Yet the results clearly show that some of the commercial resins with high styrene
contents like the Corve 8100 and Hexion 781-2140 have significantly lower viscosities than all
of the FAVE resins. The reason for this is the MFA monomers have a much higher viscosity
(~50-70 cP) relative to styrene (< 1 cP).
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Figure 34: Viscosity of commercial and FAVE resins at 25°C.

6.2.3.4 Neat Resin Glass Transition Temperature
The glass transition temperature was measured for the various commercial and FAVE resin
formulations (Figure 35). Like the viscosity, the glass transition temperature of the FAVE-L and
FAVE-O are considerably worse (lower) than that of the commercial resins. The variants do
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have significantly better performance, but still have considerably lower Tg. Variants of the
FAVE-L/O-25S have Tg that are similar to that of most of the commercial resins. in fact, the
FAVE-L/O-HT resins have Tg higher than that of all the commercial resins except the epoxy
(Huntsman 8605).
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Figure 35: Dry glass transition temperature of commercial and FAVE resins.

The wet glass transition temperature, measured after saturation with water, is shown in Figure
36. The results are similar to that of the Dry Tg, but in general, the FAVE resins had a smaller
reduction in Tg when wet relative to the commercial resins. Tg reduction for FAVE resins was
generally less than 10°C while the commercial resins had Tg reductions more than 10°C. This
result is likely due to the higher crosslink density of the FAVE resins [8,13].
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Figure 36: Wet glass transition temperature of commercial and FAVE neat resins.
Frequency dependence of the Tg is presented in Appendix E.

Water Susceptibility of MFA Modified Vinyl Ester Resins

Water was detrimental to the Ty of resins as the role of plasticizer. Particularly for those resin
systems containing hydrophilic components, the outcomes are even worse. Accordingly, wet Ty
is defined as the measured Ty of a resin sample after conditioning in water or moisture
environment for a designated period of time. The protocol for this measurement was designed by
us with details described in the report of ARL-RP-184 (Appendix E). Hot/wet T4 of low VOC
resins were measured along with the commercial ones for a comparison. The results showed that
the low VOC resins exhibit similar water resistance to those commercial ones with high styrene
content which constitutes another merit of the developed low VOC vinyl ester resin.

Water resistance evaluation of low VOC vinyl esters

Based on this testing method, the wet Ty of MFA modified low VOC vinyl esters were evaluated
along with the commercial ones for a comparison. According to the hot/wet Ty values presented
in Figure 37, it can be deduced that although the MFA do absorb some water, the MFA modified
vinyl esters exhibit comparable water resistance capability to commercial high styrene content
VE resins.
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Figure 37: Hot/wet T, of MFA modified vinyl esters compared with commercial ones

The flexural modulus (Figure 38) and strength (Figure 39) of the FAVE and commercial resins
were measured. Except for the Derakane 8084, the differences in moduli are not significant.
Derakane 8084 has a lower modulus because of the toughened nature of that resin. The flexural

6.2.3.5 Neat Resin Flexural Properties

strengths are also very similar and are not significantly different for the most part.
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Figure 38: Flexural modulus of commercial and FAVE neat resins.

96




135

130
©
a
S 125
-
® 120
o m -CN151
& 115
‘:‘ B -RDX
5 110 Al
('8

105 H-A2

100 A1 1 1 1 W -VE

O © o™ O 9 & >
,\9,\,&0%,0\'5 & &«
SIS O oM S

C\Q’ q;\' ’b(\ vP‘ Q ° A3 3 <(/

N Q&""

BRSO o

s ®

Figure 39: Flexural strength of commercial and FAVE neat resins.

6.2.3.6 Neat Resin Fracture Toughness
The fracture toughness of the commercial and FAVE resins are shown in Figure 40. Clearly, the
Derakane 8084 has the highest fracture toughness. Otherwise, the FAVE-L/O and FAVE-L/O-
25S resins have similar or better fracture toughness relative to the commercial resins. The
FAVE-L/O-HT resins have lower fracture toughness than the other FAVE resins because of the
brittle novolac nature of the resin.
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Figure 40: The fracture toughness of the commercial and FAVE neat resins.
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6.2.4 Composite Panel Testing Results

6.2.4.1 Fatigue Behavior of Low VOC Vinyl Ester Resins

The repetitive loading of a composite material causes degradation due to the accumulation of
discrete micro-damage (e.qg., fiber fractures, fiber/matrix debonds, matrix cracks) or macro-crack
propagation, aided in some caused by an aggressive environment, including moisture. Therefore,
a fatigue test has to be carried out to asset the resistance of a material to repetitive loading. One
important benefit from this test is to ensure that the fatigue life is greater than required, and/or
the replacement life is identified. Accordingly, a fatigue test is of great importance for engineers
in designing novel materials.

The purpose of this study is to compare the fatigue behavior of the developed low VOC vinyl
ester resin with that of the commercial ones. FAVE-O-25S was used as a model resin to this end.
Its fatigue behavior was evaluated based on the procedure designed by us as illustrated in the
following part. The results show that FAVE-O-25S exhibit comparable fatigue behavior to that
of the commercial resin of Hexion.

As illustrated by Figure 41 and Figure 42, FAVE-O-25S possesses similar flexural behavior to
that of Hexion, with flexural strength as 530 MPa and 550 MPa respectively and elasticity
modulus as 19 GPa and 18 GPa respectively. After a dynamic fatigue test, wherein force in a
sine wave mode with maximum value equals to 80%, 60%, and 40% of flexural strength of each
resin system were loaded on each sample and continued for 10,000 cycles, both flexural strength
and elasticity modulus for these two resin systems exhibit a declining trend with the increase of
cycling load on samples. Moreover, this trend is duplicated for both resin systems indicating a
similar fatigue behavior presented by two resins, however, with a minor exception when the
cycling load is equivalent to 40% of flexural strength. In the case of load equivalent to 40% of
flexural strength, after 10,000 cycles, FAVE-O-25S exhibited lower value in both flexural
strength and elasticity modulus. Since only one data point was given to each test condition, this
deviation may also be attributed to the experimental error.
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Figure 41: Residual flexural strength of resins after 10,000 cycles.
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Figure 42: Residual elasticity modulus of resins after 10,000 cycles.

The fatigue life is plotted as a function of residual strength and elasticity modulus for flexural
tests in Figure 43 and Figure 44, respectively. The flexural performance of pure Derakane 411-
350 resin exhibits decreasing trend with increasing cycles and fails completely after 250,000
cycles. On the other hand, for the 10% BR toughened resin, the flexural performance is fully
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retained under same test conditions. Even though the strength of the bio-rubber samples are
lower before fatigue, for 100,000-350,000 cycles, the bio-rubber has significantly higher
strength. The constant performance of the biorubber samples are under investigation, but are
likely a result of toughening that blunts or prevents the formation of microcracks.
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Figure 43: Fatigue life vs. strength for flexural loading conditions. -m-) Derakane 411-350, -0-)
10% bio-rubber toughened
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Figure 44: Fatigue life vs. elasticity modulus for flexural loading conditions. -m-) Derakane 411-
350, -0-) 10% bio-rubber toughened

6.2.4.2 Environmental and Chemical Aging

Environmental and chemical aging procedures conducted on the various composites were
determined based on the anticipated exposure to environmental and chemical agents over the
working lifetime of the composite parts (as summarized in Table 9). None of the actual aging
tests are exact applications of a standard test, but rather are based on standard testing methods
listed in test method standard MIL-STD-810F (environmental engineering considerations and
laboratory tests) and consultation with ESTCP program partners. Duration and intensity of the
exposure was chosen to so as to demonstrate some decrease in mechanical and thermal properties
over the period of aging. Environmental aging was performed on all commercial and FAVE
composites and included wet Ty, freeze/thaw cycling and Xenon arc lamp weathering. Chemical
aging included exposure to various chemical agents (method 504: Contamination by Fluids)
which were selected as a hydro-carbon fuel (JP-8), a solvent (Methyl Ethyl Ketone) and salt
water exposure for the Navy composites exclusively.

Flexural Properties

The flexural properties are shown below in Figure 45 and Figure 46. The results are presented
such that multiple resins using the same fibers are next to each other. The results show baseline
results tested at room temperature and after JP-8 and Xenon weathering. In general, none of the
weathering resulted in significant reduction in properties. Note, the high flexural stiffness for 96
oz/Derakane 441-400 is not believed to be correct. Furthermore, the composites using FAVE
resins performed similarly before weathering and after weathering relative to composites using
commercial resins.

101



(o]
o
o

I T @ Baseline - RT
][ I i J[ W JPS - RT

O Xenon Weathering - RT ]

(@)
o
o

~
o
S

500 AW HH - I
400 =1 I=i=i= 1t s

- m I i |
200 \

N & ,o ‘2@ ,o AQ' Q/'
F K & K &
> Q?“ S} Q?“

N\ N\
,bo'\' ¥

Flexural Strength (MPa)
(o]
S

Composite

Figure 45: Flexural strength of commercial and FAVE composites; baseline (no aging), JP8
aging and Xenon weathering.
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Figure 46: Flexural stiffness of commercial and FAVE composites; baseline (no aging), JP8
aging and Xenon weathering.
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Short Beam Shear Properties

Short beam shear (SBS) properties were affected to some degree by chemical exposure or
weathering (Figure 47). In particular, freeze/thaw cycles clearly reduced the SBS strength of
most composites. In fact, freeze/thaw of 9 oz/Hexion 780-2140 resulted in halving the SBS
strength. Xenon weathering most significantly affected the properties of the 54 oz fiber glass for
both the FAVE and commercial resin, and is thus more likely an issue with the fiber rather than
the resin.  For the most part, the composites using FAVE resins performed similarly before
weathering and after weathering relative to composites using commercial resins.
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Figure 47: Short beam shear strength of commercial and FAVE composites; baseline (no aging),
JP8 aging, Xenon weathering and freeze — thaw — soak cycle aging.

Salt water immersion tests were performed on the Navy composites, as this would be the only
application where the composite would be continually exposed to salt water. The flexural
strength and stiffness and SBS strength are shown in Figure 48. The results show that a
composite made with FAVE resin performs similarly to that of the incumbent resin. When
comparing to Figure 45-Figure 47, salt water immersion caused little reduction in properties of
the composite.
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Figure 48: Flexural properties for Navy composites subject to simulated salt water immersion
aging.

Immersion in MEK had its largest effect on composites using the fine-weave fiberglass in the
aircraft structures. Figure 49 shows the properties for Air Force composite panels subjected to
MEK immersion. Comparing this to Figure 45-Figure 47 shows that the composites made with
the commercial Hexion resin had significantly reduced stiffness, flexural strength, and SBS
strength after exposure. However, the composites made using the FAVE resin retained their
properties. Previous results clearly showed that FAVE resins have little to no styrene remaining
after cure while VE/styrene has as much as 40% unreacted styrene. Thus, the changes in shown
in Figure 49 are likely the effect of MEK extracting free-styrene from the Hexion composite,
whereas the MEK is unable to extract significant quantities of material in the FAVE.
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Figure 49: Flexural properties for Air Force composites subject to MEK immersion aging.

The glass transition temperature was measured as a function of weathering. Figure 50 shows the
effect of water on these composites. Clearly, the wet T, for all of the composites is reduced by
water immersion. The range of Tg reduction is from 1°C to 10°C. However, when the sample is
dried by heating the sample in the dynamic mechanical analyzer (2™ run), the Tg increased to
higher than that of the original Tg. This is due to additional postcure and the washing out of
unreacted plasticizer components. Again, the results show similar properties of FAVE
composites relative to composites made using commercial resins. Figure 51 again shows little
effect of Xenon or JP-8 weathering. Free/thaw reduced Tg similarly to standard water
immersion. MEK immersion again significantly reduced the Tg of the composites using the 3 0z
and 9 oz fibers with the Hexion resin. Similar composites made using the FAVE resins were
affected to a much lesser degree.
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Figure 50: Dry and wet glass transition temperatures for commercial and FAVE composites.
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Figure 51: Glass transition temperatures (dry) for commercial and FAVE composites; baseline
(no aging), JP8 aging, freeze — thaw — soak aging and MEK aging.

6.2.4.3 Air Force Composite Panel Testing Results
Air Force composite panel testing results are shown in Appendix F. The results indicate that
composites made using the FAVE resins (FAVE-L, FAVE-L-25S, and FAVE-O-25S) behaved

106



similarly relative to composites made using the Hexion resin (Table 40). Note, Tg was measured
using DCS at a ramp of 20°C/min according to the ASTM standard resulting in a higher Tg than
determined using DMA. Nonetheless, the trends are the same as they show the FAVE-L had the
lowest Tg, while the FAVE-L-25S/-O-25S had moderate Tgs and the Hexion composite had the
highest Tg.

Table 40: The properties of Air Force composite coupons.
Property FAVE-L FAVE-O-25S FAVE-L-25S Hexion 781-

2140

Tensile Strength | 32.4+£1.5 335+15 339+15 35+15

(ksi)

Tensile modulus | 2601 + 100 2503 + 100 2513 + 100 2641 + 100

(ksi)

Compressive 17615 184+15 206+15 21.1+15

Strength (ksi)

Compressive 3309 + 150 3503 + 175 3380 + 150 3596 + 200

Modulus (ksi)

SBS Strength 178+15 18.1+15 206 +1.5 17.7+15

(Ksi)

T4 (°C) 139.9 145.9

6.2.4.4 Navy Composite Panel Testing Results

The following test plan was developed to characterize the room temperature dry (RTD)
properties of glass fiber reinforced FAVE-L-25S, Derakane 510A and CORVE 8100 composite
systems. The Derakane 510A resin was tested so as to provide baseline materials properties for a
non-low VOC resin system currently in use in Navy applications. The CORVE 8100 was also
tested as it is the current resin system used in the MCM rudder application. The test plan
consisted of physical attribute characterization such as fiber volume fraction and density and
mechanical testing to determine the tensile, compressive, shear and toughness properties. Initial
studies also looked at the gel time for different formulations and also the flow rate through the
fabricated panels.

The density of both the neat resin and composite pieces taken from each panel was tested
according to the guidelines of ASTM D792. The results are summarized in Table 41. The
results show fairly consistent composite panel densities for the 8 ply composite panel regardless

of ply layup.
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Table 41: Summary of Density Measurements (ASTM D792)

Panel Type %322%/
[ | o
CORVE 5100 114
070801 Fi%rgpﬁsggs 1.84+0.003
070903 Defg’lgﬁgsg;% A 1.91+0.005
080304 CS%T/FEZ';%O 1.83+0.002

The fiber, resin and void fraction were determined using the burnout method as described in
ASTM D3171. An E-Glass fiber density was assumed to be 2.59 g/cm?® for these calculations™.
The results of these tests are shown in Table 42. Detailed specimen level results are shown in
Appendix G.

Table 42: Summary of Constituent Material Measurements (ASTM D3171)

Panel Type % Fiber \_/olume % Resin \_/olume % Void \_/olume
Fraction Fraction Fraction
Composite
070801 | FAVE-L- 47.9+0.2 51.5+0.3 0.6+0.2
25S
Composite
070903 | Derakane 47.0+0.4 51.7+0.4 1.30+0.06
510A
Composite
080304 | CORVE 496 +0.2 496 +0.2 0.82 +0.03
8100

Tension Testing

The tension tests were performed in the same manner as in the previous FAVE-L-20S section.
The results of test are shown in Table 43, Figure 52, and Figure 53. Detailed specimen level
results are included in Appendix G. The results indicate the FAVE-L-20S, FAVE-L-25S, and
Derakane 510A composite systems all appear to exhibit similar tensile strengths and tensile
modulus within the uncertainty of the test. The CORVE 8100 composite appears to have a
slightly higher tensile strength and modulus.

! Fiber Glass Industries (www.fiberglassindustries.com)
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Table 43: ASTM D638 Tension Test Results

Tensile Strength

Elastic Modulus*

Panel ID Type (ksi) (Msi)
061001 Composite FAVE-L-20S [0°] 89.9+3.9 4.8 £0.07
070801 Composite FAVE-L-25S [0°] 88.6+5.8 4.6+0.3
070903 Composite Derakane 510A [0°] 86.0£3.9 4.6£0.2
08304 Composite CORVE 8100 [0°] 103.2+4.1 51+04
[90°] 15.6 £0.6 2.140.1

*Range of 1000 to 3000in/in
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Figure 52: Tensile Strength Results
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Figure 53: Tensile Modulus Results

Compression Testing

The compression tests were performed in the same manner as in the FVE-L-20S previous
section. The results of test are shown in Table 44, Figure 54, and Figure 55. Detailed specimen
level results are included in Appendix G. The results indicate that the FAVE-L-25S, Derakane
510A and CORVE 8100 composite systems exhibit significantly higher compressive strengths
than the FAVE-L-20S. All three resin systems exhibit comparable compressive moduli. The
FAVE-L-25S exhibits a higher strength but a lower modulus than the current 8100 MCM rudder

material.

Table 44: ASTM D695 Compression Test Results

Compressive

Elastic Modulus*

Panel 1D Type Strength (ksi) (Msi)
061001 | Composite FAVE-L-20S[0°]| 53.6+6.0 5.03+0.3
070801 | Composite FAVE-L-255[0°]|  83.0+2.2 4.52+0.2
070903 Composite Derakane 51[8’% 79.3+4.0 4.5£0.2
08304 Composite CORVE 8100 [0°] 63.1+4.4 51+0.6
[90°] | 21.8+0.6 1.8+0.1

*Range of 1000 to 3000 in/in
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7.0

6.0

5.0 -

4.0 -

3.0 -

2.0 -

Compressive Modulus (Msi)

1.0

0.0 -
FAVE-L-20S FAVE-L-25S CORVE 8100 Derakane 510A

Sample Population

Figure 55: Compressive Modulus Results

Shear Testing
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The shear tests were performed according to ASTM D2344 (Short Beam Shear). The results of
test are shown in Table 45 and Figure 56. Detailed specimen level results are included in
Appendix G. The results indicate the FAVE-L-20S and FAVE-L-25S appear to have slightly
higher short beam shear strengths than the CORVE 8100 and Derakane 510A composite
systems.

Table 45: Shear Test Results (ASTM D2344)

Shear Strength
Panel ID Type (ksi)
070201 Composite FAVE-L-20S [0°] 7.1£0.3
070801 Composite FAVE-L-25S [0°] 7.24£0.03
070903 Composite Derakane 510A [0°] 6.2+0.03
Composite CORVE 8100 [0°] 6.5+0.1
4
0830 [90°] 40+0.2
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Figure 56: Shear Strength Results

Mode I Interlaminar Fracture Toughness Testing

112



Specimens were prepared and tested as in the previous FAVE-L-20S section. The results of the
tests are summarized in Table 46, Figure 57, and Figure 58. The onset of the G,; was defined as
when the crack gage indicated that the crack started to open. The propagation value is taken as
the Gi; value after 0.25 in of crack growth. Since these specimens appear to exhibit an
increasing Gy as the crack propagates and then flattens out after 1 inch of crack growth as shown
in Figure 57, a steady state G,; value was determine by averaging the G, values from 1 to 1.6
inch of crack growth. The results indicate that the FAVE-L-25S composite exhibits similar room
temperature dry toughness properties across the board (Onset, Propagation and Steady State) as
the FAVE-L-20S. The Derakane 510A and CORVE 8100 composites exhibited close to double
the toughness of the FAVE systems across the board. The effect of post cure of 4 hours at 160°F
was also investigated to see if this raised the toughness values. The results indicate that there
was no change in the toughness within the scatter of the test after the post cure.

Table 46: Mode | Interlaminar Toughness Results (Room Temperature Dry) (Glass Fabric
SW1810)

Gic (in-1b/in?)
Panel ID Type
Onset Propagation | Steady State
Composite
070201 FAVE.L -20S 0.56+0.24 1.63+0.23 3.11+0.10
Composite
070801 EAVE-L-25S 0.62+0.16 1.57+0.24 3.68+0.25
Composite
070801 FAVE-L-25S 0.29+0.05 1.45+0.24 3.47+0.92
(Post Cured)
070903 Composite 1.15:0.29 | 3.01#059 | 6.70£0.60
510A
Composite
070903 510A 1.2740.16 3.40+0.47 6.88 £0.39
(Post Cured)
080304 CoTposite 038020 | 2.76:0.12 | 6.02£0.37
Composite
080304 8100 0.20+0.15 2.99+0.47 6.38 £0.60
(Post Cured)
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Carbon Fiber Mode I Interlaminar Fracture Toughness Testing

A series of tests were also performed by infusing the FAVE-L-25S, 510A and West Systems
Epoxy into a T700 FOE size, 9 o0z/sq yd plain weave carbon fiber woven roving to determine if
the FAVE-L-25S might exhibit any better bonding to carbon fiber that the baseline 510A used in
The results indicated that the FAVE-L-25S exhibited significantly lower Gy
values than the 510A and the West Systems Epoxy as shown in Table 47 and Figure 59.

Navy designs.

Table 47: Mode I Interlaminar Toughness Results (Room Temperature Dry) (Carbon Fiber

Fabric T700 FOE Size, Plain Weave, 9 0z/sq yd)

G (in-1b/in%)
Panel ID Type
Onset Propagation | Steady State
Composite
080305 FAVE-L-25S with 0.14+0.007 | 0.91+0.18 1.76+0.20
Carbon Fabric
Composite
080401 510A with Carbon 1.16+0.37 2.77+0.67 4.49+0.60
Fiber Fabric
Composite
080502 | WestSystems LL7ILV | 59,653 | 24+038 | 4.07+0.34
with Carbon Fiber
Fabric
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Figure 59: Mode I Interlaminar Toughness Results for Carbon Fiber Reinforced Vinyl Ester

Systems
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FAVE-L Additional Panel Testing

The following additional panel testing results were performed on FAVE-L. These tests
completed the requirements for 0° ad 90° testing. Based on the superior performance in virtually
every way, NSWCCD felt there was no need to complete these tests for FAVE-L-25S.

A total of four panels were fabricated at NSWCCD for evaluation of the FAVE-L-20s resin
system (Table 48). These panels were made using standard VARTM techniques and the resin
and fabric as shown below. A summary of the fiber orientation of the four different panels is
shown in Table 1.

Panel Fabrication

Resin: FAVE-L-20S (Fatty Acid Vinyl Ester, —L (Methacrylate Lauric Acid))
65 wt% Bisphenol A Vinyl Ester
20% Styrene
15 wt% Methacrylate Lauric Acid

Formulation: 97.25 wt% FAVE-L-20S Resin
2.0 wt% Methyl Ethyl Ketone Peroxide (MEKP) (Cadox L-50a)
0.3 wt% Cobalt Naphthenate 6% (CoNap6%)
0.25 wt% 2,4-Pentanedione (2,4-P)
0.2 wt% Dimethylaniline (DMA)

Fabric: SW1810 Uni/Mat Fabric from Fiber Glass Industries - Nominally an 18 oz/yd?
unidirectional E-glass fibers stitched to 10 oz/yd® binder-free chopped strand mat (similar
architecture to twisted rudder program)

Table 48: Panel Identification and Fiber Orientation
Panel Layup Denoted
061001 [0]10 Uni
061002 [0/+45/90/-45]s Quasi
061201 [0/90]4s Cross-Ply
070201 [0]s Uni

Density and Void Content

The density of both the neat resin and composite pieces taken from each panel was tested
according to the guidelines of ASTM D792. The results are summarized in Table 49. The
results show fairly consistent composite panel densities for the 8 ply composite panel regardless
of ply layup. The quasi panel exhibited a slightly higher density than the unidirectional or cross-
ply panels.
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Table 49: Summary of Density Measurements (ASTM D792)

Panel Type %322%/

- Neat Resin 1.167 + 0.002
061001 Uni 1.838 £ 0.021
061002 Quasi 1.854 + 0.003
061201 Cross-Ply 1.847 £ 0.009
070201 Uni 1.849 £ 0.015

The fiber, resin and void fraction were determined using the burnout method as described in
ASTM D3171. An E-Glass fiber density was assumed to be 2.59 g/cm?® for these calculations?.
The results of these tests are shown in Table 50.

Table 50: Summary of Constituent Material Measurements (ASTM D3171)

Panel Tune % Fiber Volume | % Resin Volume | % Void VVolume
yp Fraction Fraction Fraction
061001 Uni 47.74 +1.33 51.60+1.19 0.65+0.15
061002 Quasi 48.74 +0.09 50.72 £ 0.03 0.54 +0.12
061201 | Cross-Ply 48.11 +0.47 51.53 +£0.27 0.35+0.20

Tension Testing

Samples were prepared using standard machining techniques to ASTM D638 Type |11 specimen
dimensions. Two sets of specimens were prepared. One set had the outer plies of the composite
oriented in the 0° direction along the axis of the specimen while the other had set the outer plies
oriented in the 90° direction perpendicular or transverse to the axis of the specimen. The average
of three measurements was used to determine the width and thickness of the samples in the gage
length of the specimen. Vishay strain gages of type CEA-06-125WT-350, gage factor 2.15 were
attached to the center of the gage length to allow for the calculation of the elastic modulus and
Poisson’s ratio. Specimens were tested using a Southwark-Emery 60 kip load frame with a 60
kip load cell. Samples were loaded at a rate of 0.2 inch per minute. Prior to testing, the grips
were vertically aligned using a stock metal piece. This was found to be the best method to
ensure that the grips remained aligned during testing due to the large amount of play that is
present in the load train system of the machine. The results are shown in Table 51.

% Fiber Glass Industries (www.fiberglassindustries.com)
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Table 51: ASTM D638 Tension Test Results

1 1 1 * 1 H ' 1nx
panel ID | Type Tensile Strength (ksi) | Elastic Modulus* (Msi) | Poisson's Ratio* (v)
0° 90° 0° 90° 0° 90°
.| 8993+ | 11.37+ 4.84 + 118+ | 0307+ | 0112+
061001 | Uni 3.88 0.73 0.07 0.19 0.014 0.025
3992+ | 4192+ 269 + 202+ | 0325+ | 0319+
061002 | Quasi | ~4 4g 247 0.03 0.24 0.018 0.02
061201 Cross- | 53.20 + 55.41 + 3.28 3.17+ 0.176 + 0.185 +
Ply 3.29 1.83 0.14 0.27 0.018 0.021

*Range of 1000 to 3000in/in

Compression Testing

Samples were prepared using standard machining techniques to ASTM D695 specimen
dimensions. Two sets of specimens were prepared. One set had the outer plies of the composite
oriented in the 0° direction along the axis of the specimen while the other had set the outer plies
oriented in the 90° direction perpendicular or transverse to the axis of the specimen. The average
of three measurements was used to determine the width and thickness of the samples in the gage
length of the specimen. Vishay strain gages of type CEA-06-062UW-350 were attached to the
center of the gage length to allow for the calculation of the elastic modulus. Specimens were
tested using a Southwark-Emery 60 kip load frame with a 60 kip load cell. Samples were loaded
at a rate of 0.05 inch per minute. The results are shown in Table 52.

Table 52: ASTM D695 Compression Test Results
. . . * .
Panel ID | Type Compressive Strength (ksi) Elastic Modulus* (Msi)
0° 90° 0° 90°
061001 Uni | 53.64+599 | 21.14+0.76 5.03+0.28 2.55 +0.65
061002 | Quasi | 37.95+1.35| 35.34+1.27 3.06 +0.08 3.71+0.36
Cross-
061201 Ply 37.02+3.67 | 43.83£0.95 3.71+0.18 3.74+0.81

*Range of 1000 to 3000in/in

Shear Testing

118




Samples were prepared using standard machining techniques to ASTM D5379 V-notch shear
specimen dimensions. One set of specimens were prepared with the outer plies of the composite
oriented in the 0° direction along the length of the specimen. The average of three dimensions
was used to determine the width and thickness of the samples in the gage length of the specimen.
Vishay strain gages of type CEA-06-062WT-350 were attached at the center of the specimen as
called out in the ASTM D5379 to allow for the calculation of the shear modulus. Specimens
were tested using a Southwark-Emery 60 kip load frame with a 60 kip load cell. Samples were
loaded at a rate of 0.05 inch per minute. The results are shown in Table 53.

Table 53;: ASTM D5379 V-Notch Shear Test Results

Shear Ultimate Shear Strength (ksi)
Panel ID | Type Modulus* | Shear Strain
3 in/i 0, 0,
(Msi) (in/in) @ 0.2% @ 5% Ultimate
offset Strain
0° 0° 0° 0° 0°
. 0.79 + 0.059 + 8.12 + 1436+ | 1515+
061001 | Uni 0.10 0.010 0.44 1.67 0.96
| 107+ 0.026 + 15.41 + 20.21 +
061002 | Quasi 0.13 0.002 3.96 - 1.15
061201 Cross- 0.82 + 0.082 + 8.50 + 16.40 + 17.30 =
Ply 0.13 0.021 1.43 053 0.78

*Range of 1000 to 4000in/in

Environmental Conditioning

A total of 21 samples underwent environmental exposure at 50°C and 80%RH. These included
samples to perform tension and compression (as outlined in the previous sections) and also short
beam shear (ASTM D2344) and interlaminar toughness (ASTM D5528). Samples were weighed
at prescribed intervals to monitor the percent moisture uptake over time. After the percent
moisture has reached the equilibrium state as defined by ASTM D5229 the samples were tested
to determine the effect of temperature and moisture on the composite material. The percent
weight gain of the samples over time is included as a reference in Figure 60. The varying
volume/surface area of the different samples appears to contribute to a difference in the percent
weight gain of each different sample type. The slight drop in the moisture uptake curve at 38.5
hr %2 was due to loss of humidity chamber conditions. After 140 days exposure, the samples
appeared to reach an equilibrium saturation level. Samples taken from the same panel (070201)
that have been aged at room temperature were also tested at the same time for direct comparison.
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Figure 60: Percent weight gain versus exposure time for FAVE-L composite samples at 50°C and
80% RH.

Tension Testing after Environmental Conditioning

The tension tests were performed in the same manner as in the previous section. The results of
the room temperature dry and elevated temperature wet test specimens that were taken from the
same panel are shown in Table 54. The results indicate a small decrease in average tensile
strength (5%) after the elevated temperature wet exposure. This level of change is just above the
coefficient of variation of the sample population of 4%. There was no noticeable change in the
tensile modulus after the elevated temperature wet exposure.
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Table 54: ASTM D638 Tension Test Results (RTD and ETW)

Panel ID | Type | Conditioning | Tensile Strength (ksi) Elastic Modulus* (Msi)

. As-
061001 Uni Manufactured 89.9+3.9 4.8+0.1

Room
070201 Uni Temperature 89.1+3.8 5.0+0.1
Dry
Elevated

070201 Uni Temperature 85.1+3.6 4.840.3
Wet

*Range of 1000 to 3000in/in

Compression Testing after Environmental Conditioning

The compression tests were performed in the same manner as in the previous section. The
results of the room temperature dry and elevated temperature wet test specimens that were taken
from the same panel are shown in Table 55. The results indicate that there was no significant
change in the compressive strength or modulus after the elevated temperature wet exposure.

Table 55: ASTM D695 Compression Test Results

Compressive . *
Panel ID | Type | Conditioning Strength Elastic M(.)dUIUS
) (Msi)
(ksi)
061001 | Uni As- 53.6+6.0 5.0£0.3
Manufactured T R
Room
070201 Uni Temperature 47.5+6.1 5.0+0.3
Dry
Elevated
070201 Uni Temperature 44.8+7.0 5.0£0.1
Wet

*Range of 1000 to 3000in/in

Shear Testing after Environmental Conditioning

Samples were prepared using standard machining techniques to ASTM D2344 short beam shear
specimen dimensions. One set of specimens were prepared with the outer plies of the composite
oriented in the 0° direction along the length of the specimen. The average of three dimensions
was used to determine the width and thickness of the samples in the gage length of the specimen.
Specimens were tested using a Southwark-Emery 60 kip load frame with a 60 kip load cell.
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Samples were loaded at a rate of 0.05 inch per minute using a three point bend type fixture with a
span to depth ratio of 4. This type of test was selected for use over the V-notch test due to the
ease of machining and the V-notch non-ideal failure of composites with off-axis fibers. The
results of the room temperature dry and elevated temperature wet test specimens that were taken
from the same panel are shown in Table 56. The results indicate that there was a 12% decrease
in short beam shear strength after the elevated temperature wet exposure.

Table 56: Shear Test Results

Panel ID | Type Conditioning Shear Strength
(ksi)
i 8.1+0.4
061001 Uni As-Manufactured (ASTMD5379)
070201 Uni Room Temperature Dr 7103
P y (ASTM D2344)
i 6.2+0.4
070201 Uni Elevated Temperature Wet (ASTM D2344)

Mode I Interlaminar Fracture Toughness Testing after Environmental Conditioning

Samples were prepared using standard machining techniques to ASTM D5528 specimen
dimensions. One set of specimens was prepared with the outer plies of the composite oriented in
the 0° direction along the length of the specimen. Piano hinges were attached to the composite
specimens using epoxy adhesive. Crack gauges of type TK-09-CPS05-001 by Vishay
Measurements were attached to the side of the specimen to monitor the crack advancement. The
average of three dimensions was used to determine the width and thickness of the samples of the
specimen. Specimens were tested using an Instron 4202 load frame with a 2000 pound load cell
at a rate of 0.2 in/min. The use of crack gauges has been seen to automate the testing process
and to eliminate the ambiguity of the operator visual noting the crack tip displacement. The
results of the room temperature dry and elevated temperature wet test specimens that were taken
from the same panel are shown in the following table and figures. Three different G, values are
reported. The onset is defined as when the crack gage shows the onset of crack tip displacement.
The non-linear (NL) offset is defined as the G, value calculated when the load versus
displacement curve is no longer linear. Finally, the propagation value is the G; value after 0.25
inches of crack tip displacement. These three values have been defined and used in the past in
Navy programs [33]. The results (Table 57) indicate that there was a slight increase in all the G¢
values after the elevated temperature wet exposure as compared to the room temperature dry
specimens.
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Table 57: Mode | Interlaminar Toughness Results

Gic (in-1b/in®)
Panel ID | Type | Conditioning
Onset Propagation | Steady State
Room
070201 | Uni | Temperature | 0.56+0.24 1.63+0.23 3.11+0.10
Dry
Elevated
070201 | Uni | Temperature | 0.98+0.21 2.25+0.36 3.76 £ 0.65
Wet

Thermal Property Characterization - Dynamic Mechanical Analysis:

A dynamic mechanical analysis was performed on a neat resin sample of the FAVE-L-20S resin
using a TA Instruments DMA. The sample was run in the single cantilever bending mode at a
frequency of 1 Hz. The temperature ramp rate was set to 2°C/min from 30° to 150°C. The
results, shown in Figure 61, were analyzed according to ASTM E1640 and the T, values are
shown in Table 58.
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Figure 61: DMA Results for the FAVE-L-20S Resin Material
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Table 58: Glass Transition Temperature Results as Determined by the Dynamic Mechanical
Thermal Analysis Test for the FAVE-L-20S Resin

Glass Transition Temperature, T, (°C) as determined by
FAVE-L-20S Extrapolated Onset Peak of Loss Peak of Tan Delta
of change of the
. Modulus Curve
storage modulus
1*' Heating 78.9 - 105
2" Heating 73.8 89.2 107

*Typical Navy Design Criteria

The FAVE-L-20S resin system was originally selected for characterization based on the
published data on the Ty of the system being greater than 100°C. Since, using DMA and the
extrapolated onset of the change of the storage modulus, the Ty is below 80°C it was determined
that another formulation of the FAVE product line should be considered. Several additional
samples were recieved from the Army Research Laboratory for consideration. These were the
FAVE-L-25S and FAVE-O-25S which contains slightly more styrene at 25wt%. Similar DMA
tests were run on these samples as well as baseline samples of the Ashland Derakane 510A and
8084 as well as the Interplastic CoRezyn CORVE 8100 which are commercially available vinyl
esters that are being used in Navy applications. The results of the DMA scans are summarized in
Table 59.

Table 59: Glass Transition Temperature Results as Determined by the Dynamic Mechanical
Thermal Analysis Test for a Variety of Resin Systems

Glass Transition Temperature, Tq, (°C)
as determined by
Extrapolated
Onset of change Peak of Loss Peak of Tan
of the storage Modulus Delta Curve
modulus*
1°' Heating 78.9 - 105
FAVE-L-205  om Heating 73.8 89.2 107
1°" Heating 84.2 98.2 114
FAVE-L-255  m Heating 96.2 106 122
1° Heating 82.4 100 116
FAVE-0-255 o Heating 94.4 110 124
1°' Heating 101 114 128
Derakane S10A " =m0 {oating 111 124 136
1°" Heating 73.0 80.2 118
Derakane 8084 a0 {eating 85.0 110 130
1° Heating 108 110 122
CORVEBI00  m Heating 112 114 126

*Typical Navy Design Criteria
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The DMA results indicated that the FAVE-L-25S would be a good low VOC resin system to
evaluate further since it would be comparable to a resin system that has temperature properties
that fall between the Derakane 8084 and Derakane 510A resin systems. It is a little lower in Tg
than the current CORVE 8100 resin system currently used in the MCM rudder application. The
FAVE-O-25S also would fit into this category, but it is predicted to more expensive to produce
than the FAVE-L-25S.

Laboratory Testing Conclusions

A variety of tests were performed in support of this several year ESTCP Low HAP/VOC
composite resin system. Several different low VOC resins were evaluated and a final down
selection of the FAVE-L-25S was made. Extensive materials testing and processing studies were
performed and compared to other typical Navy vinyl ester resin systems. In general, the system
was able to be processed using standard VARTM practices with formulation variations allowing
for short and long infusion times. The quality of the composites parts with the FAVE-L-25S was
similar in density, fiber volume fraction, and void content as the Derakane 510A and CORVE
8100 resin systems. The glass transition temperature of the FAVE-L-25S is lower than the
Derakane 510A and CORVE 8100 and closer to the Derakane 8084 resin. Composites made
with the Derakane 510A, CORVE 8100 and FAVE-L-25S all exhibited similar mechanical
properties (tensile, compressive and shear). However, the FAVE-L-25S exhibited significantly
lower Mode | interlaminar fracture toughness than the Derakane 510A and CORVE 8100
materials. This appeared to be the case whether or not the part was postcured and occurred with
both glass and carbon fiber composites. In general this FAVE-L-25S resin appears promising
and might be considered for future composite applications where a low HAP/VVOC system is
required and the interlaminar fracture toughness is not critical to the design.

6.2.4.5 Composite Panels Relevant to HHMWYV Hardtop and HMMWYV
Transmission Container

4 pt bending and short beam shear tests at room temperature were performed to determine
whether the FAVE resins meet stiffness and strength requirements for the HMMWYV hardtop and
HMMWYV transmission container (Table 60). The results showed that the first batch of FAVE-
0O-25S did not perform as well as the second batch. This improvement was a direct result of
using RDX26936 instead of CN151 in the formulation. Nonetheless, both formulations met the
property specifications. Unexpectedly, the FAVE-L-25S-RDX outperformed the FAVE-O-25S-
RDX. Overall, the results indicate that FAVE-L/O-25S resins will likely meet the performance
requirements for Army hoods. Appendix H lists composite panel testing for Army and Marines
applications.
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Table 60: Panel testing results of FAVE-HT resin systems for hardtop and transmission container

applications.

Property FAVE-O-25S FAVE-O-25S- FAVE-L-25S- | Requirement

(Batch 1) RDX (Batch 2) RDX

4 pt bend 3.70 3.80 3.85 3.7
Modulus at RT
(Msi)
4 pt bend 62.0 68.4 70.0 55
Strength (RT)
(ksi)
Short beam 4.80 4.95 5.10 4.5
shear at RT (ksi)

6.2.4.6 Composite Panels Relevant to Army Hoods
4 pt bending and short beam shear tests at room temperature and 250°F were performed to
determine whether the FAVE resins meet stiffness and strength requirements at normal and
elevated temperatures (Table 61). The results showed that the first batch of FAVE-O-HT did not
meet most property requirements. However, when using the FAVE-O-HT-RDX, most properties
met the requirements and only one property was questionable. This improvement was a direct
result of using RDX26936 instead of CN151 in the formulation. Unexpectedly, the FAVE-L-
HT-RDX outperformed both FAVE-O-HT variants. Overall, the results indicate that FAVE-HT
resins will likely meet the performance requirements for Army hoods.

Table 61: Panel testing results of FAVE-HT resin systems for hood applications.

Property FAVE-O-HT FAVE-O-HT- FAVE-L-HT- | Requirement
(Batch 1) RDX (Batch 2) RDX

4 pt bend 3.67 3.76 3.81 3.7
Modulus at RT
(Msi)
4 pt bend 2.69 3.0 3.2 3.0
Modulus at
250°F (Msi)
4 pt bend 56.6 62.0 62.3 55
Strength (RT)
(ksi)
4 pt bend 29.3 36.2 37.3 30
Strength at
250°F (Kksi)
Short beam 3.7 4.08 4.60 4.5
shear at RT (ksi)
Short beam 2.9 3.2 3.3 3.0
shear at 250°F
(Ksi)
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6.3 Dem/Val Results
6.3.1 T-38 Dorsal Cover

6.3.1.1 Viscosity Flow Studies
The flow of FAVE resins were compared to that of the Hexion 781-2140 incumbent resin. This
was performed by preparing connected or identical rectangular fiber layups and infusing FAVE
resin into one layup and the Hexion resin into the other. The results clearly showed that the

FAVE-L resin was much more viscous than the Hexion resin, and took significantly longer to
infuse the part.

6.3.1.2 Validation Process

The tooling and fiber reinforcement pack was set up per the developed VARTM process for the
Hexion resin system (Figure 62). The Army FAVE-L resin system was substituted for the
Hexion Specialty Chemicals, Inc.’s vinyl ester resin system. All other variables remained the
same to isolate the effects of the reduced styrene diluents.

Figure 62: Dorsal Cover Tool with Fiber Pack Ready to be Infused.
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6.3.1.3 Issues Encountered

The major issue with the FAVE-L resin was that the viscosity does not match the commercial
resin that is diluted with the styrene monomer. This resulted in a lower inflow rate and a longer
processing time to infuse the fiber pack. The infusion of the part per process specifications was
unsuccessful due to the higher viscosity of the FAVE-L resin system. The FAVE-L resin gelled
(cured to a rapid jump in viscosity) before the fiber pack was completely infused as can be seen
in Figure 63.

Figure 63: Failed Attempt to Infuse T-38 Dorsal Cover with FAVE-L.
6.3.1.4 Validation Results

Since the infusion of the part, following the set process specifications, was unsuccessful the
FAVE-L resin did not meet the standards set for the validation testing. The FAVE-L resin with a
higher viscosity cannot be directly substituted for the commercially available styrene diluted
Hexion resin systems, currently called out in the process documents. In order to use this FAVE-
L resin system for this part, a change in the manufacturing process would be needed.
Alternatively, a lower viscosity resin such as the FAVE-L-25S could be used.

6.3.1.5 Conclusion
Moving from a commercially available vinyl ester resin to a reduced styrene resin system with

different viscosity profiles will require process changes to produce parts. These process changes
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could require requalification of existing products built using original equipment manufacturers
(OEM) qualified processes. This is a very time consuming and expensive process. It is not in
the AF’s best interest to pursue a manufacturing process change to re-qualify the T-38 dorsal
cover, using the ESTCP resin. Additionally, during the validation process the AF requested bids
from contractors to produce the dorsal cover, using the old method. This request was answered
by a contractor and more T-38 dorsal covers were produced. Although these dorsal covers will
most likely face the same problem as the originals, cracking and delamination, the AF currently
does not have the need to manufacture new parts.

6.3.2 F-22 Canopy Cover

In order to meet the set requirement of being able to manufacture this part in less than 1 day we
decided to use a VARTM process. A wet layup process could be used, but it would be a much
longer process, requiring more people and material, which could possibly extend the
manufacturing time to several days if the whole part was not cured at the same time. Other
disadvantages of the wet layup method include poor compaction of the fibers, causing air filled
pockets or voids, and a high resin to fiber ratio leading to increased weight with decreased
strength. For these reasons it was decided that using the VARTM process would produce a
better part and be more cost effective in meeting our set criteria. We decided to use the FAVE-
L-25S resin system for this part. We determined that this prototype part would be a good avenue
to test the ARL resin system and determine its ability to compete with equivalent vinyl-ester
resin systems in a large scale part. The process for building this part consisted of a splash, tool,
master tool, and final part. Each one of the separate parts had its own separate process which
was explained.

6.3.2.1 Splash tool process

In order to create the canopy cover, the first part in the process was to create a splash, or copy, of
the actual canopy. The Air Force let the ACO borrow an F-22 canopy that was to be sent to the
Air and Space Museum at Wright Patterson AFB, OH. Using this canopy the ACO created a
splash, or an exact replica of the top surface of the canopy. First the canopy was completely
covered with Teflon coated tape (Figure 64). This allowed us to protect the canopy while giving
us a non stick surface to lay up the glass on.
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Figure 64: F-22 Canopy Covered with Teflon Tape

After the canopy was covered with Teflon tape, 2 layers of gelcoat were applied (Figure 65).
These gel coat layers acted as a smooth transition barrier between the replica surface and the
reinforcement glass fibers. They also allow for sanding and touch up without damaging the
underlining fibers. The first layer of gel coat was allowed to cure to a tacky state before
applying the second layer.

Figure 65: Application of gel coat on F-22 canopy.
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After the gel coat layers were applied, 10 layers of fiberglass were applied. These layers were
applied by wetting out 2’x4” sheets of 7500 fiberglass cloth with urethane tooling resin. These
wet out sheets of glass were then placed on top of the gel coat layers and allowed to cure (Figure
66).

Figure 66: Canopy cover splash curing.

On top of the last layer of glass a layer of polyester peel ply was applied. This peel ply when
ripped off after the part had been cured, to give the top surface a rough texture more preferable
for bonding additional layers of reinforcement or paint. To strengthen the splash and give it
added stiffness, additional rib structures were bonded onto the top surface (Figure 67). These rib
structures were made out of foam strips, tooling dough and 7500 glass reinforcement. They were
applied in the same fashion as the rest of the splash. The foam was cut into stiffener shapes and
glued onto the surface. Tooling dough was then applied followed by 3 layers of 7500 glass
reinforcement.
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Figure 67: Application of rib stiffeners on splash

After all layers and rib structure were applied, the splash was given 7 days at room temperature
to fully cure. Once cured, the splash was pulled off the canopy and turned upside down so that a
master could be made. The inner surface of the splash held the exact representation of the top
surface of the canopy (Figure 68). There were areas, on the inner surface of the splash, which
had been damaged from the removal of the splash from the canopy. These areas were sanded
down, filled with resin, and then sanded flush to the rest of the surface. Once the touch up on the
surface was finished, the final splash was completed and ready for the master to be made from it.
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Figure 68: Final F-22 canopy splash mold.
6.3.2.2 Canopy master

The next step in the process was to create a male canopy master. This master would have the top
(working) surface the same shape as the canopy itself. This allowed us to have a surface to work
on without a fear of damaging the actual canopy. The first step in preparing the master was to
thoroughly clean the surface of the splash. This was done by wiping the surface with tech wipes
and acetone. Before beginning the layup process the splash was covered with a very thin layer of
release coating called Zyvax Watershield. This layer of release film allowed the clean removal
of the master from the splash. After the release layer was applied two layers of gelcoat,
PTM&W 1105 epoxy surface coat, were applied. This gelcoat acted as a smooth surface and a
barrier for the underlying fiberglass. After the gelcoat layer was applied and allowed to tack, we
placed the first 2 layers of wet out glass inside of the splash. The master was made up of
fiberglass and a core of tooling dough, creating a sandwich structure (Figure 69). The 7500 glass
cloth was cut into 2’x4’ pieces and hand wet out using PTM&W 2050 laminating resin. After
the glass was applied, the two part tooling dough was properly mixed and resin was added to the
mixture to make it more workable. Then a layer of tooling dough was applied on top of the glass
followed by 2 more layers of fiberglass cloth. This created a sandwich structure with the
fiberglass being the face sheets and the tooling dough acting as the core.
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Figure 69: Layup of glass and tooling dough for F-22 canopy master.

Polyester peel ply was then added on top of the last layer of fiber glass. The master was allowed
to cure, and then the peel ply was ripped off to create a better bonding surface. In order to stiffen
the structure and give it mounting points to set on a stand, woods beams were bonded to the
inside of the master. These wood beams were bonded to the inside of the master using tooling
dough and fiberglass reinforcement. Once the tooling dough and fiberglass had time to cure the
master was removed from the splash resulting in a surface having the exact same shape as the
original canopy itself. This surface was used to create the offset needed for the creation of a
master tool (Figure 70), on which the canopy cover would be made.
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Figure 70: Final canopy master.
6.3.2.3 Master tool

After having completed the canopy master we were ready to proceed to producing the master
tool, upon which the canopy cover would be built on. The first step in creating the master tool
was to create the offset required for the canopy cover. This offset was needed, because the
canopy cover is not allowed to touch the surface of the canopy, or it will damage the coatings.
To start the offset, hundreds of two inch cubes were cut out of Dow pink insulation Styrofoam
(Figure 71).
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Figure 71: Application of offset with foam block on master tool.

These foam cubes were then hot glued to the canopy cover. This created an even two inch offset
throughout the entire surface of the canopy cover. A hot wire was then used to taper the foam,
from 2” to %" at the bottom edge of the tool. This was done in order to have an area where the
canopy cover would be able to interface with the skirt of the F-22 canopy and be securely
fastened. Once all the foam was placed on the master and tapered down at the ends, a layer of
7500 fiberglass cloth was layed up over the top of the foam. The glass cloth was cut into 2°x4’
sheets hand wet out with PTM&W laminating epoxy resin. Then the glass was placed on top of
the foam and smoothed out to make a nice even surface to work with. On top of the glass a layer
of polyester peel ply was also applied. The fiberglass was given time to cure and then the
polyester peel ply was removed, which created a nice even surface free from resin flash (excess
cured resin fragments). Fifty to seventy five pounds of Kleen Modeling Clay, soft and medium
hardness, was then spread evenly on top of the cured fiberglass (Figure 72). Heat was applied to
the clay, a small section at a time, and smoothed down with a metal scraper. The heat allowed
the clay to become very soft and pliable, which made it much easier to work with.
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Figure 72: Application of modeling clay to master tool

Once the clay was smoothed down to the desired surface finish and curvature it was allowed to
cool down to gain its original hardness. On top of the clay, 2-3 layers of PTM&W PA0801 paste
wax mold release were applied. These layers of wax allowed a non stick surface on which the
cover could be built and, more importantly, removed with ease. Once the wax was applied the
master tool was complete (Figure 73).

Figure 73: Final canopy cover master tool.
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6.3.2.4 Canopy Cover

Once the master tool was completed the canopy cover was ready to be fabricated. Instead of a
hand layup technique, used on the master tool and canopy master, we decided to use a VARTM
technique when creating the canopy cover. This technique gave us greater strength, lighter
weight, and the ability to create the cover in a short period of time. The first step was to lay up
our fiber pack. The fiber pack consists of all the material that the end product, the canopy cover,
will consist of. Our fiber pack was designed to be a sandwich structure consisting of glass and
an infusion media, HIFLUX-90, which doubled as a core. HIFLUX-90, made by Polynova, is
unique because it allows for the distribution of resin during the infusion process, while at the
same time staying in the fiber pack and acting as a core material. Our fiber pack had the layup
scheme of 2 plies of 7500 glass, 2 plies of 181 glass, HIFLUX-90 core, 2 plies of 181 glass, and
2 plies of 7500 glass. Each ply of glass was cut to shape and placed on the canopy cover master
tool in the ordered mentioned (Figure 74).

Figure 74: Layup of glass fabric fiber pack for canopy cover infusion.

These glass fibers were placed on the tool as dry fabric, and were not wet out with resin. To
keep the fibers from sliding around or off the master tool, they were sprayed with Airtech
tackifier adhesive. This adhesive kept the fiber packs from becoming misaligned during the
infusion process. After the fiber pack was layed up and fully secured to the master tool, a
vacuum bag was placed around the part. The vacuum bag was secured and sealed to the edge of
the part with double sided tacky tape. Inside the vacuum bag we placed our infusion lines
(Figure 75).
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Figure 75: Setup of infusion lines for canopy cover infusion.

These infusion lines, spiral wrapped polyethylene tubing, allowed the resin to flow to the entire
fiber pack. At one end of the infusion lines, solid polyethylene tubing was added and continued
into a resin trap bucket. This bucket is where we drew our vacuum from, and it also allowed us
to catch any excess resin flowing through the lines before it was able to enter the vacuum lines.
At the other end of the infusion lines solid polyethylene tubing was connected to the spiral
wrapped tubing. This solid tubing ran to our infusion bucket, which was the source of our resin
used to infuse the part. Once the bagging and infusion lines were in place we drew vacuum on
the part. We used a vacuum pump to draw out all of the air within the vacuum bag, around our
part, and allowed to atmospheric pressure to compact the fiber pack. We tested our vacuum
integrity with a vacuum gage and fixed any leaks present. Once the vacuum integrity reached an
acceptable level (a drop of less than 1” Hg/minute), the part was ready to be infused. Before the
infusion could begin we needed to prepare the FAVE-L-25S resin (Figure 76).
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Figure 76: FAVE-L-25S resin preparation for canopy cover infusion

The vinyl ester FAVE L-25S resin system was used, created by the ARL, which contains only
25% styrene. The weight of our dry fiber pack was ~8,000 g so we estimated that we would
need a net resin weight of 10,000 g, taking into account the excess used in the tubing. To
promote the resin we added 0.1% by weight of Cobalt Naphthenate and mixed thoroughly. As
an activator we added 1% by weight of Trigonox 239 and mixed thoroughly. This percentage of
promoter and activator gave us an estimated 1 hour gel time (time before the resin increases in
viscosity and ceases to flow). Once the resin was mixed we allowed the infusion process to start.
The bucket of resin was placed at one end of the infusion line and the atmospheric pressure
pushed the resin through the fiber pack (Figure 77) until the entire fiber pack was fully infused.
Total infusion time took 45 minutes.
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Figure 77: Resin infusion of F-22 canopy cover.
Once cured, the canopy cover was painted. On the bottom inside edge of the canopy cover, 2”
wide and %2” thick strips of foam were glued to create a non damaging interface between the

canopy cover and the canopy skirt (Figure 78). We were able to fit test the canopy cover on F-22
aircraft at Hill AFB, UT and Elmendorf AFB, AK (Figure 79). Both fit tests were successful.

Figure 78: F-22 canopy cover with foam interface strips.
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Figure 79: Final F-22 canopy cover being fit tested on an F-22.
6.3.2.5 Issues Encountered

There were no major issues encountered during the process. The FAVE-L-25S resin performed
very well, and we were able to fully infuse the canopy cover. The fit testing at both Hill AFB
and Elmendorf AFB were successful.

6.3.2.6 Validation Results

By performing permeability tests on the FAVE-L-25S resin we were able to design an infusion
system that would insure complete wet-out before gelation of the resin. With this system were
able to successfully infuse the canopy cover (Figure 80) with the FAVE-L-25S resin system,
using our designed process on the first attempt. No process changes had to be made to
accommodate the FAVE-L-25S resin system, and it compared equally to other commercial vinyl
ester resin systems used for infusion. The part was able to meet the criteria of being
manufactured in less than a day. It also had the strength and stiffness requirements for two
maintenance workers to transport, install, and uninstall the cover. This part validates that the
FAVE-L-25S resin system can be used successfully to perform a VARTM infusion of a large
scale part.
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Figure 80: Final F-22 canopy cover next to an F-22 canopy.
6.3.2.7 Conclusion

The F-22 system program office was very impressed with the demonstration of the F-22 canopy
cover prototype. There were discussion about include port holes and tubing systems so that the
cover could accept hot air and heat the canopy and cockpit, while protecting it at the same time.
Unfortunately the canopy cover program ended in the prototype development phase, due to the
changing needs of the F-22 program office. New hangers were built at EImendorf AFB, who
was the primary customer for the canopy cover. These hangers allowed the jets to be parked
inside a temperature controlled building instead of on the flight line, which eliminated the need
to have a protective cover for the canopy. With the need gone, the canopy cover program hit a
dead end in the prototype development phase. However, this was a very successful validation of
the performance of the FAVE-L-25S resin system compared to equivalent vinyl ester resin
systems, which use very high styrene contents to decrease viscosity. It proved that the FAVE-L-
25S resin system could be used to successfully infuse a very large part, without having a large
styrene content to decrease the viscosity. If this need ever arises again, the FAVE-L-25S resin
system would be a prime candidate for the F-22 canopy cover.

6.3.3 Splash Molds
6.3.3.1 Laboratory Validation Testing
The ACO decided to perform the demonstration splash tool on the underside of a T-38 horizontal
stabilizer. Before building the demonstration splash the ACO tested the flow properties of the

FAVE-L-25S resin in the fiber pack by building a flat panel. The flat panel, measuring 13”x50”,
had the layup scheme of 10 plies of 7500 glass, HIFLUX-90, and 10 more plies of 7500 glass.
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The HIFLUX-90 would act as both the core and infusion media. After setting up the fiber pack
and drawing a vacuum, we successfully infused the part up to a distance of 35” (on a 13” wide
part) with a total time of one hour and eight minutes before the resin became too viscous to flow

(Figure 81,
Figure 81: Splash mold resin flow test.

Table 62). The weight of the fiber pack was 1400 grams, and the amount of resin used was 1500
grams. From the total resin weight, 0.15% of Cobalt Naphthenate was used as the promoter and
1.0% of methyl ethyl ketone peroxide (MEKP) was used as the activator. After successfully
infusing the flat panel and gathering the data from the test, we decided to press forward with the
infusion of the demonstration rapid splash tool.
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Figure 81: Splash mold resin flow test.

Table 62: Time versus distance chart collected from the infusion of the flat panel.

Distance 5” 10” | 15” 20” 25” 30” 33” 34” 35”
Time 1:48 | 6:15 | 11:10 | 18:30 | 29:00 | 40:45 | 48:30 | 55:20 | 60:08
(min:seconds)

The surface of the T-38 horizontal stabilizer was thoroughly cleaned and all the fabric for the
splash tool was cut. The splash tool had the same layup schedule of the test panel, 20 plies of
7500 glass with a core of HIFLUX-90 sandwiched in the middle. Once the surface was cleaned
and materials cut, we placed Teflon backed tape, Airtech’s ToolTec, on the su