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Abstract

As part of the U.S. Department of Energy’s Low Wind Speed Turbine program, Global Energy
Concepts LLC (GEC)' has studied alternative composite materials for wind turbine blades in the
multi-megawatt size range. This work in one of the Blade System Design Studies (BSDS) funded
through Sandia National Laboratories.

The BSDS program was conducted in two phases. In the Part I BSDS, GEC assessed candidate
innovations in composite materials, manufacturing processes, and structural configurations. GEC
also made recommendations for testing composite coupons, details, assemblies, and blade sub-
structures to be carried out in the Part II study (BSDS-II). The BSDS-II contract period began in
May 2003, and testing was initiated in June 2004.

The current report summarizes the results from the BSDS-II test program. Composite materials
evaluated include carbon fiber in both pre-impregnated and vacuum-assisted resin transfer
molding (VARTM) forms. Initial thin-coupon static testing included a wide range of parameters,
including variation in manufacturer, fiber tow size, fabric architecture, and resin type. A smaller
set of these materials and process types was also evaluated in thin-coupon fatigue testing, and in
ply-drop and ply-transition panels. The majority of materials used epoxy resin, with vinyl ester
(VE) resin also used for selected cases. Late in the project, testing of unidirectional fiberglass
was added to provide an updated baseline against which to evaluate the carbon material
performance.

Numerous unidirectional carbon fabrics were considered for evaluation with VARTM infusion.
All but one fabric style considered suffered either from poor infusibility or waviness of fibers
combined with poor compaction. The exception was a triaxial carbon-fiberglass fabric produced
by SAERTEX. This fabric became the primary choice for infused articles throughout the test
program. The generally positive results obtained in this program for the SAERTEX material
have led to its being used in innovative prototype blades of 9-m and 30-m length, as well as other
non-wind related structures.

' GEC was acquired by the Norwegian foundation, Det Norske Veritas (DNV) in May 2008, forming a new entity
known as DNV Global Energy Concepts Inc. For purposes of this report, the previous company name, GEC, is used.
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Section 1 - Executive Summary

As part of the U.S. Department of Energy’s Low Wind Speed Turbine program, Global Energy
Concepts LLC (GEC) has studied alternative composite materials, with an emphasis on carbon,
for wind turbine blades in the multi-megawatt size range. This work is one of the Blade System
Design Studies (BSDS) funded through Sandia National Laboratories.

The BSDS program was conducted in two phases. In the Part I BSDS, GEC assessed candidate
innovations in composite materials, manufacturing processes, and structural configurations. GEC
also made recommendations for testing composite coupons, details, assemblies, and blade sub-
structures to be carried out in the Part II study (BSDS-II). The BSDS-II contract period began in
May 2003, and testing was initiated in June 2004.

The current report summarizes the results from the BSDS-II test program. Composite materials
evaluated include carbon fiber in both pre-impregnated and vacuum-assisted resin transfer
molding (VARTM) forms. Initial thin-coupon static testing included a wide range of parameters,
including variation in manufacturer, fiber tow size, fabric architecture, and resin type. A smaller
set of these materials and process types was also evaluated in thin-coupon fatigue testing, and in
ply-drop and ply-transition panels. The majority of materials used epoxy resin, with vinyl ester
(VE) resin also used for selected cases. Late in the project, testing of unidirectional fiberglass
was added to provide an updated baseline against which to evaluate the carbon material
performance.

Numerous unidirectional carbon fabrics were considered for evaluation with VARTM infusion.
All but one fabric style considered suffered either from poor infusibility or waviness of fibers
combined with poor compaction. The exception was a triaxial carbon-fiberglass fabric produced
by SAERTEX. This fabric became the primary choice for infused articles throughout the test
program. The generally positive results obtained in this program for the SAERTEX material
have led to its being used in innovative prototype blades of 9-m and 30-m length, as well as other
non-wind related structures.

Testing of composite articles was performed at three laboratories: Integrated Technologies
(Intec) in Everett, Washington; Montana State University (MSU) in Bozeman; and Wichita State
University (WSU).

Results and observations from the testing are summarized in the following sections.

1.1 Thin Coupon Static

1.1.1 Carbon Fiber

Thin-coupon testing of prepreg materials showed little variation in static strength with
manufacturer or tow size. Average values for compressive static strain were typically in the

range of 1.0%-1.1%.



The SAERTEX carbon-fiberglass triaxial fabric with epoxy infusion achieved static strain values
similar to prepreg materials. However, because of the inclusion of the £45° glass, the modulus
and stress at failure are both lower than for the unidirectional carbon prepreg. These results show
that the carbon fibers in the infused laminate are reaching performance levels comparable to that
of a unidirectional prepreg.

With VE infusion, the SAERTEX triaxial materials achieved slightly higher compressive static
strength than that of the epoxy-infused articles. However, the compressive modulus measured by
Intec for the VE infused panels was 13% higher than measured for the epoxy material. As a
result, the calculated static compressive strain was 8% lower for the VE coupons.

Because the fabric was the same in both cases, and the measured panel thickness and fiber
volume fractions were nearly identical, the large difference in modulus would not be expected. In
general, the stress measurement which is based on applied load is more reliable than the
compressive modulus measurement, which is based on a strain gage on a small specimen.
Nonetheless, to maintain consistency in the presentation and analysis of data, GEC has used
measured compressive modulus to calculate compressive strain.

1.1.2 Fiberglass

Static testing was performed for the E-LT-5500 fiberglass fabric, infused with both epoxy and
VE resin. In general, the fiberglass material showed good performance in static strength for both
epoxy and VE. Average tensile strain approached 2.3% for both resin systems, with very low
scatter in the measurements. Average compressive strains were only slightly lower at
approximately 2.2%.

1.2 Thin-Coupon Fatigue

1.2.1 Carbon Fiber

Two types of carbon fiber were tested in a prepreg form: Toray T600 (24k) and Zoltek Panex 35.
Each of these fibers was impregnated by SP Systems using their WE90-1 resin and PMP process.
Results for a third type of prepreg carbon fiber material were provided by MSU for comparative
purposes, fabricated from Grafil 34-600 fibers (48k) and Newport NB307 resin. For all three
prepreg materials, thin-coupon fatigue testing was performed at R = 0.1, 10 and -1. Overall, the
three prepreg carbon materials showed similar fatigue performance. No consistent trend was seen
concerning tow size for the fibers evaluated.

Epoxy-infused (SAERTEX triax) fabric preformed fairly well in fatigue relative to the prepreg
materials. At R = 0.1, the infused material strains were modestly higher than the Toray/SP
prepreg. For R = -1, the infused material strains were slightly higher at low cycles, and
converged with the prepreg strains at high cycles. A different trend was seen for R = 10 fatigue.
At the single-cycle end of the e-N curve, the infused triax panel strains are about 10% higher
than the prepreg, but at 1E+6 cycles, the triax strains fall below the prepreg by 20%.



For the infused carbon panels in tension (R = 0.1), the fatigue performance of VE was generally
lower than epoxy. The single-cycle stress for the infused VE material was slightly higher than for
the epoxy, but was about 25% lower at a million cycles.

Significantly different trends are seen in the fatigue stress data for compression and reversed
loading, with a much smaller difference between the VE and epoxy results. In R = 10 loading,
the VE stress levels were consistently higher than the epoxy, with a differential of about 5% at
low cycles, growing to more than 10% at high cycles. Fatigue data for R = -1 are relatively
sparse and show only modest difference in measured stress between epoxy and VE. The VE
curve is steeper than that for epoxy, partly due to higher values of single-cycle stress. As noted
above, applying the measured compressive modulus values to these curves would result in a
downward shift of the calculated VE strains relative to the epoxy. Because the static testing at
Intec had measured higher modulus values for the infused VE panels than for the epoxy, a strain-
based compassion tends to shift all the VE curves downward relative to the epoxy data.

1.2.2 Fiberglass

Fatigue testing was also performed for the E-LT-5500 fiberglass fabric, infused with both epoxy
and VE resin. In both tension and compression, the single-cycle strain values showed modest
variation between the epoxy and VE resins.

Several trends were noted for the tension (R =0.1) &-N curve. For both the epoxy and VE resins,
the intersect of the curves at zero cycles is substantially higher than the measured single-cycle
strain. At higher cycles, the VE tension fatigue strength falls consistently below that of the
epoxy. For the VE data, the tensile strain at 1E+6 cycles (based on the &-N curve) was not
particularly good, with a value of about 0.6%.

Significantly different trends are seen for the compressive fatigue data (R = 10). Most notable is
that the VE data are consistently above that of the epoxy. The curves are also flatter, and the
predicted strain levels at 1E+6 cycles are meaningfully higher than those seen for the R = 0.1
data. However a careful comparison the tension and compression data indicates that this may be
an artifact of the sparseness of the R = 10 data sets combined with the relatively flat slope for the
curve fits.

1.3 Thick Coupon

Obtaining reliable results for thick coupons proved difficult. Using the ASTM D6641 coupon
geometry and combined loading in compression (CLC) fixture, seven 12.5-mm wide coupons
and four 25-mm wide coupons were successfully tested at the Wichita State University (WSU).
Subsequent attempts to conduct fatigue testing with the D6641 coupon caused damage to WSU’s
CLC fixture and as a result thick-coupon testing was terminated.

1.4 Carbon Ply Drop

In general, asymmetries in the ply drop and ply transition panels created challenges for obtaining
reliable results in compression testing. Therefore, the majority of fatigue testing was performed



for R =0.1. Similar trends could be expected for R = 10, and R = -1, with an overall reduction in
the fatigue performance expected.

For all fabric and resin styles, a ply drop with a straight edge resulted in low fatigue
performance. For prepreg laminate, the introduction of a pinked ply-drop edge nearly doubled
the strain level for delamination at 1E+6 cycles. With the infused fabrics, the pinked edge
showed far less benefit, with a strain improvement at 1E+6 cycles of only about 25%.

The relatively low fatigue performance for the infused ply drops with pinking may be partly due
to the geometry of the ply drops and panels. Visual inspection after resin burn-off showed that
the shape of the pinked fabric was significantly better for the prepreg than for the infused
articles. MSU also noted the contribution of through-the-thickness asymmetry to the failure
mode of the infused ply-drop articles.

1.5 Carbon-Fiberglass Ply Transition

It is expected that carbon-to-fiberglass ply transitions will be of high interest as blade designers
seek to optimize the use of carbon fiber in wind turbine blades. Panels were fabricated for axial
testing in an attempt to quantify the performance of such a feature.

Ply-transition panels were fabricated in two basic configurations. One was designated mostly
carbon, in which the article might represent the first carbon ply being transitioned to fiberglass in
a carbon spar cap. The other was designated mostly fiberglass, and would represent the last
carbon ply being transitioned. These two arrangements were considered as the bounding cases
for the carbon-to-glass transition of a structural spar. Both of these configurations were
fabricated in prepreg and infused articles. For the prepreg transition panels manufactured at
MSU, two layup schedules were used, transitioning either one or two plies.

Initial ply-transition panels were infused by TPI Composites using the SAERTEX carbon-glass
triaxial fabric. Testing at MSU showed unexpectedly poor performance in tensile strength, with
delaminations initiating at relatively low strain values. The early delamination was attributed
primarily to asymmetry in the thickness taper and the placement of fiberglass doublers at the
outer-most location in the stack of unidirectional plies.

Based on the lessons learned from the initial infused articles, the transition panels were
redesigned and fabricated at MSU using Grafil/Newport prepreg material. In an attempt to delay
the onset of delamination, the fiberglass doublers were moved to the interior of the unidirectional
fabric stack.

R = 0.1 testing of the redesigned prepreg panels has been completed at MSU. The data show a
significant reduction in fatigue performance in going from one to two ply transitions (mostly
glass data). However, the tensile strain values for delamination at 1E+6 cycles is close to 0.5%,
which compares somewhat favorably with results for the ply-drop coupons.

As of this report date, testing at MSU is ongoing for prepreg transition panels in compression,
and for second-iteration epoxy-infused ply-transition panels at R = 0.1, 10, and -1. Results from



these tests will be reported by MSU as part of the ongoing development of the DOE/MSU
Database.

1.6 Summary

A range of carbon fiber styles and tow sizes was tested in prepreg form, and were generally
found to have little variation in performance.

Numerous unidirectional carbon fabrics were considered for evaluation with VARTM infusion.
All but one fabric style suffered either from poor infusibility or waviness of fibers combined
with poor compaction. The exception was a triaxial carbon-fiberglass fabric produced by
SAERTEX. This fabric became the primary choice for infused articles throughout the test
program. The generally positive results obtained in this program for the SAERTEX material
have led to its being used in innovative prototype blades of 9-m and 30-m length.

Infused articles were tested with both epoxy and VE resin systems. Comparisons between
prepreg and infused epoxy, and between infused epoxy and VE, were somewhat complex. In
some cases, the performance variations were minimal and in other instances they were quite
significant. For complex articles (ply drops and ply transitions), the comparison between prepreg
and VARTM articles was complicated by the relative lack of symmetry in the infused articles.

The testing performed in this program has substantially added to the public-domain data for
carbon fiber materials suitable for use in wind turbine blades. While numerous challenges were
encountered during the course of this project, the results are nonetheless expected to be of value
to the wind turbine blade design community.



Section 2 - Introduction

2.1 Background

In recent years both the size of wind turbine blades and the volume of production have been
steadily increasing. Rotors over 90 m in diameter are on current commercial machines, and
several turbine developers have prototypes in the 100-m to 120-m diameter range. It is estimated
that over 160 million kilograms of finished fiberglass laminate were used for the production of
wind turbine blades in 2006, and that worldwide production volume will increase for the next
several years (calculations based on available weight data for commercial blades and the global
wind energy market predictions of BTM Consult’s World Market Update 2005 [1]).

These growth trends have been accompanied by extensive research and development efforts in the
blade manufacturing industry. In addition, government-funded programs in both Europe [2-6] and
the United States [7-9] have been investigating alternative blade design and material technologies.
Technical challenges include restraining weight growth, enabling larger rotors by increased stiffness,
improving power performance, mitigating loads, facilitating transportation, and designing for fatigue
cycles on the order of 107,

2.2 Project Overview

This project was initiated under the U.S. Department of Energy’s Wind Partnerships for
Advanced Component Technologies (WindPACT) program, which was intended to explore
technologies available for improving wind turbine reliability and decreasing the cost of energy.
Under the Sandia-sponsored Blade System Design Studies (BSDS), alternative composite
materials, manufacturing processes, and structural designs were evaluated for potential benefits
for MW-scale blades [7, 8]. The BSDS has two parts. Part I was analytical and included trade-off
studies, selection of the most promising technologies, identification of technical issues for
alternative materials and manufacturing approaches, and development of recommendations for
materials testing. Part 11, funded under the DOE’s Low Wind Speed Turbine (LWST) program,
involves testing of coupons and blade sub-structures with the objectives of evaluating composite
materials and resolving technical issues identified in the Part I study. The content in this paper
focuses on composites testing performed under the Part II study.

2.2.1 Major Trends and Results from BSDS-I

This section reviews some of the major conclusions and technical issues identified during the
Part I study, which guided the development of the test matrix for the Part II study. These issues
are discussed in greater detail in the Blade Systems Design Studies Volume IlI: Preliminary Blade
Designs and Recommended Test Matrix report [8].

No absolute barriers were identified for the cost-effective scaling of the current commercial
blade designs and manufacturing methods over the size range of 80-m to 120-m rotor diameters.
The most substantial constraint is transportation cost which rises sharply for lengths above 46 m
(150 ft) and may become prohibitive for long haul of blades in excess of 61 m (200 ft). Gravity



loading is a design consideration but not an absolute constraint to scaling-up of current
conventional materials and blade designs over the size range considered. Another issue for
turbine design is the use of larger rotors at a given turbine system rating. As specific rating is
decreased (i.e., blade lengths increase at a given rating), blade stiffness and the associated tip
deflections become critical for cost-effective blade design.

Historically, wind turbine blades have been made predominantly from fiberglass materials. In the
Part I study, trade-off studies were performed to evaluate the potential for cost-effective use of
carbon fiber. Figure 2-1 illustrates the basic structural layout considered in that work, with
carbon forming the primary load-bearing spars, and the blade skins and shear-webs being panels
of a sandwich-style fiberglass construction. For this configuration, the spar caps are primarily
unidirectional carbon fibers, and the skins are typically biaxial or triaxial fiberglass.

Carbon spar caps: Fiberglass skins
\\?\ /

S
—

\
i Shear webs
(glass over core)

Figure 2-1. Architecture of BSDS Baseline Structural Model

During the time of the Part I study, industrial-style carbon fibers were available at historically
low prices, and trade-off studies predicted that bulk replacement of fiberglass spar laminate with
carbon fibers could result in improved blade structural properties at a reduced cost relative to an
all-fiberglass blade. However, in recent years, demand and cost for carbon fiber have both
increased sharply. As a result, bulk replacement of a fiberglass spar in an otherwise conventional
blade design has become less economically viable. To justify the added material expense, blade
designers are motivated to use the properties of carbon fibers to achieve system-level benefits.

For example, carbon fibers can be used to enable a slender blade profile, which will reduce the
loading on the blades, towers, and other major structural components. Another concept under
development is to skew the carbon fibers in a way that achieves load mitigation through
aeroelastic response (e.g., bend-twist coupling). In either of these cases, some added cost in the
blades may be offset by savings due to reduced loads on other major components. Partial-span
carbon spars are another option for large blade designs. The motivation is that the greatest
benefits from carbon fiber (in terms of decreased deflections and gravity-induced bending loads)
are realized in the outer portion of the blade span. However, this design approach necessitates a



transition from fiberglass to carbon spar caps (see Section 5.4), which presents added challenges
in design, manufacturing, and cost-effectiveness.

2.2.2 Objectives for BSDS-II
The primary objectives for the Part II study are to perform coupon and sub-structure testing to:

e evaluate material and process combinations with promise for application to MW-scale
blades,

e develop data required to determine performance/cost, and

e make the results available to U.S. wind industry.

In an attempt to maximize the relevance of this project, GEC has sought to work collaboratively
with existing companies in the composite materials and wind turbine industries, including both
suppliers and potential end-users. Efforts have also been made to ensure that the program is
complementary with the ongoing DOE/MSU Database testing at Montana State University [10].

2.2.3 Technical Issues for Use of Carbon Fiber Materials

2.2.3.1 Tow Size

Carbon fiber is typically characterized by tow size, which indicates the number, in thousands, of
fiber filaments per strand of material. Of interest for blade applications are lower cost industrial
grades comprising either moderate (24k) or large (48k+) tow carbon fibers. These industrial-tow
fibers tend to have reduced strength properties and reduced product uniformity (fiber straightness
and purity) compared with aerospace-grade materials.

2.2.3.2 Production Processes

Although several manufacturers are still using open-mold, wet layup processes, increasingly
stringent environmental restrictions have resulted in a move toward processes with lower
emissions. Currently, two methods have emerged as the leading replacements for traditional
methods: preimpregnated (prepreg) materials and resin infusion. Vacuum assisted resin transfer
molding (VARTM) is the most common resin infusion method. Both VARTM and prepreg
materials have particular design challenges for manufacturing the relatively thick laminate
typical of large wind turbine blades. For VARTM processes, the permeability of the dry preform
determines the rate of resin penetration through the material thickness. For prepreg material,
sufficient bleeding is required to avoid resin-rich areas and eliminate voids from trapped gasses.

Although prepreg materials have historically been more expensive and require higher cure
temperatures than liquid epoxy resin systems, the majority of commercial wind turbine blades
that incorporate carbon fiber do so with prepreg materials. Conversely, most turbine blade
manufacturers still produce primarily fiberglass blades using a wet process, either VARTM or an
open mold layup and impregnation. Dry layup of preforms and subsequent infusion therefore
remains a process of high interest for the wind industry.

2.2.3.3 Fabric Architecture for VARTM Laminate

Obtaining good structural performance with a VARTM process presents fundamental
engineering challenges. Features in a dry fabric that promote infusion (e.g., stitching, gaps) also



tend to induce fiber waviness and/or resin-rich areas. This can lead to strength reductions in both
static compression and fatigue. Because of the high stiffness of carbon fibers, detrimental effects
due to alignment/resin concentration are greater than for fiberglass laminates. GEC has evaluated
numerous fabric styles during this project in an attempt to identify architectures that are
favorable both for infusibility and structural performance. This will be discussed in greater detail
in the following sections.

2.2.3.4 Thick Laminate

Thick laminate tests were expected to be of value to evaluate several technical issues. The first is
simply thickness scaling of basic carbon/hybrid spar cap laminate. Typically, thicker laminate
will include a greater distribution of naturally occurring material defects than the smaller
coupons, and also a greater opportunity for fabrication-related irregularities. Given the relatively
large strand size of commercial carbon fibers and the heavy-weight fabrics in use for large
blades, some investigation of basic thickness effects is planned.

2.2.3.5 Ply Drops and Transitions

It is expected that ply drops in load-bearing carbon spars will cause a greater decrease in fatigue
strength than in an equivalent fiberglass structure. This is due to the carbon fibers being more
highly loaded than the fiberglass and as a consequence, shearing a higher load per unit area into
the resin-rich region at the ply termination. An additional effect may be due to any waviness or
jogs that are introduced in the remaining carbon plies as a result of the ply drop. Ply thickness is
another important parameter for ply drops. The technical issue at hand is the trade-off between
the increase in processing/handling efficiency of blade construction and the decrease in fatigue
performance at ply drops which would be expected for the thicker carbon plies.

In general, carbon-to-fiberglass ply transitions have all of the technical considerations of carbon
ply drops (i.e., load transfer though resin-rich areas, sensitivity to carbon layer straightness, and
ply thickness). However, ply transitions also add the complication of mismatch between the
carbon and fiberglass ply stiffness and strain-to-failure.

2.2.4 Test Matrix

The Part II study test matrix has undergone several modifications over the course of the project.
Reference 8 contains the original test matrix, which is also reproduced in Appendix A. Table 2-1
summarizes the August 2004 revision to the planned testing. Changes relative to the original test
matrix are an increase in scope of thin-coupon static and fatigue testing, and the elimination of a
specialty cylinder, with combined axial and torque loading intended to evaluate fabrics with
biased fibers (e.g., for twist-coupled blades). This latter test was eliminated due to greater-than-
anticipated difficulties in early test efforts and the expected difficulties with the specialty
cylinder test.



Table 2-1. Overview of BSDS-Il Test Matrix (Revision August 2004)

Technical Issue Type of Testing Planned

Basic performance of candidate materials e Thin coupon
e Thick coupon
e Static and fatigue

Ply drops and carbon-fiberglass ply e Thin coupon (single ply drop/transition)

transitions « Thick coupon (multiple ply drops/transitions)
e Variations on ply thickness

Performance of complete spar design, with e 4-point beam bending

ply drops and/or transitions

The original intent of this project was to perform the basic test types listed in Table 2-1 for both
prepreg and VARTM processes, with carbon fibers in both the moderate and large tow-size
categories. However, due to combined considerations of cost, schedule, and greater-than-
anticipated difficulties with the testing, the following changes were made to the August 2004 test
matrix:

e The number of thin-coupon tests (both static and fatigue) was increased relative to the
initial test plans.

e A small number of thick-coupon static tests were performed. Fatigue testing of thick
coupons was eliminated.

e 4-point beam tests were not conducted.

e While the baseline resin type for this program was epoxy, a limited number of test
articles were evaluated using a vinyl ester (VE) resin system.

e Late in the program, a decision was made to also evaluate thin fiberglass coupons in both
static and fatigue testing.

2.2.5 Organization and Scope of Report

This report summarizes the testing performed under the Part II study. As noted above, many
difficulties were encountered in obtaining reliable results for the planned testing. While it is
worthwhile to retain the knowledge of what worked poorly, the reliable data are of primary
interest to anyone evaluating carbon for potential application in a wind turbine blade. Therefore,
this report is organized to first emphasize the highest confidence results and data sets, with
supporting details and discussion of unsatisfactory testing appearing as appendices.
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Section 3 - Test Methods

3.1 Test Laboratories and Environment

All tests were conducted at indoor ambient conditions at the test facilities listed in Table 3-1. The
following sections list the methods/standards used for each type of test. Additional details on the
coupon geometry and loading fixtures is available in Appendix B.

Table 3-1. Test Facilities Sub-Contracted by GEC

Lab Location Tests Conducted

Integrated Technologies, Inc. Everett, Physicals, static and fatigue strength,

(Intec) Washington thin and thick coupon

Montana State University (MSU) | Bozeman, Fatigue, thin coupon, ply-transition
Montana articles

Wichita State University (WSU) Wichita, Kansas Static, fatigue, thick coupon

3.2 Physical Properties

Standard testing for physical properties included resin digestion per ASTM D3171-99/D2734-99.
Using nominal (specified) values for density of fibers and resins, the results from the resin
digestion tests were analyzed to determine the laminate density as well as the volume fractions
for fiber, resin, and voids. Glass transition temperature was determined from a temperature-
deflection curve using the method of intersecting tangents.

In some of the earliest test specimens, an unexpected level of porosity and small delaminations
were noted between coupon plies. As a result, the use of C-Scans was added as an additional
quality-control measure for incoming test panels. Figure 3-1 and Figure 3-2 show examples from
the C-Scan inspections. The darker colors (purple and black) indicate relatively lower void
content, whereas orange and red are on the higher void side of the spectrum. Qualitatively,
Figure 3-1 shows uniformly low void content. Conversely, Figure 3-2 indicates a higher overall
level of voids, with more spatial variation over the panel.

11
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Figure 3-1. Example of Panel C-Scan (Uniformly Low-Void)

deciBels

-B1
-8Bz
-B3
-B4
-B5
]
-a7
-B8
-B9
-1A
-11
=12
-13
-14
-15

T Tonix Ino

@=NWATFTNOW

Figure 3-2. Example of Panel C-Scan (Higher Void with Non-Uniformity)

3.3 Thin-Coupon Static

Table 3-2 lists the standards used for the majority of the thin-coupon static tests. Notable
deviations from the typical standards are as follows:

o Initial static compression tests at Intec used ASTM D3410, with varying standard and
non-standard gage section lengths. Due to difficulty obtaining consistent test results,
GEC requested that Intec use the ASTM D695 methods for compressive tests.

e For selected cases, ASTM D3410 was then used to obtain the single-cycle data points for
fatigue curves that involve compression. The single-cycle data are differentiated from
static tests in that a higher rate of loading has been used in the single-cycle tests to match
the rate use in fatigue testing. Because of load-rate effects, the rapidly loaded single-cycle
data will typically indicate higher strength than the static tests.
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Table 3-2. Test Standards Used for Thin-Coupon Static Tests

Description Standard Used Coupon Configuration
Tension Strength and Modulus | ASTM D3039/D3039M — 00 230 mm x 25 mm, tabbed
Compression Strength ASTM D695 — 02a (modified) 84 mm x 12.7 mm, tabbed
Compression Modulus ASTM D695 — 02a (modified) 84 mm x 12.7 mm, untabbed

3.4 Thin-Coupon Fatigue

Composite material fatigue test standards are currently under development in the United States.
In the absence of such standards, the testing was primarily conducted using methods developed
and/or recommended by MSU. The D3410 coupon geometry was typically used for
compression-compression (R = 10) and tension-compression (R = -1), whereas the ASTM
D3039 was used for tension-tension (R = 0.1). Loading rates were determined as appropriate,
within the capacity of the load frame and hydraulics and avoiding premature failure due to heat
rise. Details on the loading rates (frequencies) are given in Appendix E.

3.5 Thick-Coupon Compression

Thick-coupon testing proved difficult. Two initial tests were performed at Intec using a relatively
long dog-bone style geometry, with buckling restraints in the gage section. The first resulted in a
grip failure, and in the second test, the buckling restraints proved unstable. The dog-bone
specimen geometry was not pursued further in this project.

Subsequent thick-coupon testing was conducted at WSU, with a specimen geometry that utilizes
an ASTM D6641 combined loading compression (CLC) test fixture. The coupon geometry and
test fixture are shown in Appendix B. As will be discussed below, a limited number of static tests
were succesfully completed with this method before thick-coupon testing was terminated.

3.6 Measurement and Reporting of Elastic Modulus/Strain

The measurement of elastic modulus and reporting of both modulus and strain present several
alternative and technical considerations. In most of this testing, tensile modulus is measured via
extensometers on specimens that have relatively long gage-section lengths. Conversely,
compressive modulus is typically measured with strain gages on very short gage sections. This
introduces differences between the tensile and compressive modulus tests, both in methodology,
as well as the magnitude of the dimension being measured.

Even in the linear-elastic range, it is not uncommon in fiber-reinforced plastic materials to
measure a different modulus for tension and compression with the compressive modulus tending
to have the lower value. The term chord modulus is used to indicate a value calculated from a
specific portion of the stress-strain curve. For test data reported herein, measurements of chord
modulus have been made in the range of 1000 to 3000 micro-strain (ug). In the current test
program, deviations between measured tensile and compressive chord modulus have varied from
negligible to as high as 17%. Although most finite element analysis (FEA) codes can
accommodate non-linearities in modulus values, it is typical for designers to use a single value
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(per coordinate axis) for elastic modulus. Therefore care must be taken to maintain consistency
in both the reporting and use of modulus and strain data.

To add further complication, the stress-strain curves for test articles do not remain linear. In
general, composite materials tend to exhibit a stiffening of the fibers under tensile loading prior
to failure, and a softening under compressive loading. The latter effect is illustrated in the
measured stress-strain data of Figure 3-3. The compressive stress and strain at failure were
measured to be 830 MPa and 1.3%, respectively. The secant modulus, shown in red (triangle), is
a linear fit between zero and maximum strain. The secant modulus gives the correct strain at
maximum stress, but does not accurately reflect the stress-strain relationship in the midrange of
strain values.
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Figure 3-3. Data Set lllustrating Modulus Variations

Figure 3-3 also shows calculated stress-strain curves based on the measured compressive and
tensile chord modulus. The variation in slopes and calculated maximum strains for these curves
reflects the differential in measured tensile and compressive modulus, which for these coupons
was about 6.5%.

For work conducted under this project, the methodology used for strain values reported to GEC
has varied somewhat from lab to lab and according to the testing conducted. In order to avoid
inconsistencies in the final data sets, GEC has attempted to standardize the method for
calculating strains in their project reporting. Wherever available, the measured tensile modulus
was used to calculate tensile strain, and the measured compressive modulus was used to calculate
compressive strains. Thus, if the reported strain values are used to guide design calculations, the
different modulus values for tension and compression need to also be considered. However,
since the underlying stress and modulus data are reported, designers can use these data sets in
whatever way best suits their needs.
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Section 4 - Test Article Fabrication

4.1 General

Four basic types of panels were tested in this program: thin, thick, ply-drop and carbon-to-
fiberglass ply-transition. Each of these basic types can be further differentiated based on
fabrication method: prepreg material or VARTM infusion.

For all the specimens, rectangular test panels were fabricated at room temperature under vacuum
pressure. Typically, the laminate was vacuum-bagged with a caul plate on the lower side only,
though some of the prepreg panels were formed using a glass plate on the top as well. The
advantage of a two-sided caul is a smooth top surface that provides superior grip contact with the
test coupon. Most panels included a biaxial fiberglass facing material at the outer surfaces.
Inclusion of this feature was based on input from some test laboratories, namely that the facings
improved the reliability of compression test results.

All of the VARTM panels were infused at TP Composites, Inc. (Warren, Rhode Island), using
their SCRIMP™ infusion process, using either epoxy or VE resin. A substantial number of
prepreg panels were fabricated by SP Systems (Isle of Wight, UK). Later in the program, prepreg
panels were formed at the MSU test laboratories.

4.2 Fabric Evaluation/Infusion Trials

As noted above, obtaining good structural performance with a VARTM process presents
significant engineering challenges. As an example, Figure 4-1 shows how stitching can adversely
affect the straightness of carbon fibers in a unidirectional fabric.

Figure 4-1. Stitched Fabric with Manufacturing-Induced Waviness

Initially, fabric evaluation and infusion trials were performed as part of work under a GEC
Phase I Small Business Innovation Research (SBIR-I) Grant, which pre-dated the BSDS-II
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contract. GEC worked with numerous vendors in obtaining candidate carbon-fiber fabric styles
for VARTM fabrication. In some cases, the fabric was eliminated from consideration by visual
inspection of the fiber alignment (e.g., Figure 4-1). For other materials, resin infusion trials were
performed by TPI. Fabrics that were disqualified by the infusion trials generally fell into one of
two categories. The first is fabrics that had very good alignment, but were not permeable enough
to allow resin penetration. The second is fabrics that infused well, but due to their looseness had
poor compaction and low fiber-volume fraction (vy).

Figure 4-2 shows the most favorable fabric identified, a multi-layer, multi-axial warp-knit
(MMWK) style produced by SAERTEX. GEC worked with the vendor and TPI to develop this
architecture, originally under their SBIR-I Grant. The fabric is a triaxial construction
[-45°G1ass/0° Carbon/T45 Glass ], With areal weights of 150/670/150 gsm. The net fiber content is 75%
carbon and 25% fiberglass by volume. Distinct features of this architecture and SAERTEX
stitching style include those listed below:

the outer layers are fiberglass, providing some protection of carbon fibers;

o the stitching pattern is such that it squeezes the glass strands, but runs parallel with and
between strands of carbon fibers;

e the resulting fabric has good infusibility without introducing waviness in the carbon
fibers; and

e the triaxial construction provides good stability for material handling.

Because of the relative success with this material, it became the primary fabric for VARTM test
articles in this program. GEC continued to work with material vendors throughout the BSDS-II
to identify other combinations of fiber style and fabric architecture with promise for good
infusibility, compaction, and fiber straightness. However, no alternative carbon fabric was found
to show sufficient performance for serious consideration.

Figure 4-2. SAERTEX Triaxial Carbon-Fiberglass Fabric
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4.3 Thin Panel

All thin panels were produced as described above. Details on fiber types, laminate schedules, and
post-cure are given in Section 5.

4.4 Thick Panel

Due to difficulties encountered, only one thick-panel specimen was tested in this project. The
panel was infused with epoxy resin using 12 plies of the SAERTEX carbon-glass triax shown in
Figure 4-2. To minimize warpage, two plies of 400 gsm biaxial fiberglass were included on each
surface. The finished panel dimensions were 1500 mm x 600 mm, with a nominal 12-mm
thickness. There was no difficulty encountered with the infusion of the triaxial carbon-glass
fabric at this thickness, and a C-scan did not indicate significant voids. Due to the thickness of
the panel, however, the upper surface of the laminate had thickness variations that were
noticeably greater than the thin panels, with overall panel variations of 1.3 mm from one edge to
the other. Within each coupon, however, a maximum difference of 0.13 mm was measured.

A second thick panel was fabricated by MSU using unidirectional carbon prepreg. Specimens
were machined by WSU for testing, but not tested.

4.5 Ply Drop Panels

Ply drop panels were fabricated in two styles: drops with straight edges and drops with pinked
edges. Figure 4-3 shows a straight ply drop. Figure 4-4 illustrates the pinked ply drop, which is
intended to reduce the stress concentration at the ply drop edge. In both figures the outer plies are
not shown for clarity. An example detailed panel specification is given in Appendix C. Both the
straight and pinked configurations were fabricated in prepreg and infused articles.

Figure 4-3. Straight Ply Drop (Outer Plies Not Shown for Clarity)
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Figure 4-4. Pinked Ply Drop (Outer Plies Not Shown for Clarity)

4.6 Ply Transition Panel

Ply transition panels were designed in an attempt to mimic features that might occur in an actual
blade design. Figure 4-5 illustrates the possible arrangement of such a transition. An example
detailed panel specification is given in Appendix C. Ply transitions were fabricated in two basic
configurations. One was designated mostly carbon, in which the article might represent the first
carbon ply being transitioned to fiberglass in a carbon spar cap. The other was designated mostly
fiberglass, and would represent the last carbon ply being transitioned. These two configurations
were considered as the bounding cases for the carbon-to-glass transition of a structural spar. Both
of these configurations were fabricated in prepreg and infused articles.
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Assumes 3 continuous glass plies:
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Figure 4-5. Conceptual lllustration of Carbon-to-Fiberglass Ply Transitions
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Section 5 - Test Results

The following sections provide a summary of test results, along with a discussion of observed
trends. The detailed tabular data are available in Appendix D (static testing at Intec) and
Appendix E (fatigue testing at MSU).

5.1 Thin Coupon

5.1.1 Thin-Coupon Static Testing

Table 5-1 provides the description and test-article numbering for selected thin panels fabricated
from prepreg materials. Although the carbon ply areal weights vary from 300 to 600 gsm, the
number of unidirectional plies was also varied so that the total weight of carbon unidirectional
material for all panels was 2400 to 2500 gsm. With the exception of panel I.D. 013X, all the
articles listed include fiberglass facings.

Table 5-1. Numbering and Description for Prepreg Thin Panels

Carbon Ply Description Glass Facing Total

Panel Manufacturer/ Tow Areal Number per Side Thickness Matrix

I.D. Type Size Weight (gsm) of Plies (gsm) (mm)
013X Tenax STS-24 24k 600 4 None 2.3 SP WE90-1
014X Tenax STS-24 24k 600 4 400 2.9 SP WE90-1
016X Toray T600 24k 500 5 400 2.7 SP WE90-1
211X Toray T600* 24k 500 5 400 3.0 SP WE90-1 / PMP
018X Zoltek Panex 35 50k 500 5 400 3.1 SP WE90-1
214X Zoltek Panex 35* 50k 500 5 400 3.4 SP WE90-1 / PMP
031X Grafil 34-600 48k 300 8 300 3.0 Newport NB307

*Note: SP Systems "proprietary manufacturing process" uses WE90-1 resin but not in conventional prepreg form.

Late in the program, an additional thin panel was fabricated from unidirectional prepreg
fiberglass (Newport). However it was determined that the initial coupons were too thick to obtain
satisfactory test results. No further effort was made to test prepreg fiberglass material.

Two of the panel styles using SP WE90-1 resin are shown with a PMP label. This is used to
indicate that the panels were formed by SP using proprietary manufacturing process developed
for the production of high-quality carbon-fiber preforms of thickness up to 50 mm, and used
widely in the wind energy market. The PMP designation is not a formal trade name for this
process, but has been used to differentiate between SP panels using conventional prepreg
materials and panels with the same fiber and resin types, but formed using the alternative
process. An example for the Toray T600 fibers is panel I.D. 016X (conventional prepreg) and
I.D. 211X (PMP).

Table 5-2 summarizes the static test data for these articles. The measured fiber volume fractions
are generally consistent with the panel thicknesses of Table 5-1. A subtle trend toward thicker
panels and lower fiber volume fractions is seen for the large-tow (48k and 50k) as compared with
the 24k moderate-tow fibers. For panels with glass facings, the tensile modulus showed high
consistency between panels, varying from 103 to 113 GPa. Ultimate tensile strain values varied
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between 1.3% and 1.7%. For the majority of prepreg materials, calculated compressive strains
were between 1.0% and 1.1%. A notable exception is the (high) value of 1.37% for the Grafil
34-600 tested at Intec. GEC suspects that this result may have been influenced by over-
tightening of the bolts in the D695 fixture. Testing of this same panel at MSU yielded a
substantially lower value of 1.11%, which is more consistent with test results from other
materials.

Note that the static strength data in Table 5-2 and Table 5-5 include some data points with
questionable failure modes such as tab failures. In such cases, GEC concluded that the results
were generally reasonable, and may have given somewhat higher strength if failure modes
related to tabs and/or grips could have been avoided. To avoid ambiguity on this issue, the
complete data sets, including failure modes, have been included in Appendix D.

Table 5-2. Static Test Data for Prepreg Thin Panels

Tension Compression

Physical Properties || Mean Stress Modulus Strain|| Mean Stress Modulus Strain
1.D. Fiber Lab o p T, || # ox COV| Ex | COV| ¢ # ox | COV| # Ex | COV £

(%) |(gfem®)| (C) (MPa)| (%) [(GPa)| (%) | (%) (MPa)| (%) (GPa) [ (%) | (%)
013x | Tenax |Intec 56 152 | 104 5| 1,956| 3.1 132| 2.4 1.48| 6 | 1,186] 3.9 | 5 113] 4.9 1.05
014x | Tenax |Intec 55 1.59 95 || 6 [ 1,655] 4.9 108| 2.9 1.53|| 6 | 1,129 84 | 5 101} 3.7 1.11
016x | Toray |Intec 59 1.60 | 105{ 5] 1,952| 1.9 113| 2.2 1.73|| 6 | 1,117 6.6 | 3 110f 5.1 1.01
211x | Toray |Intec 54 1.59 | 104 | - - - - - - 511,243] 1.7 | 5 110f 3.3 1.13
018x | Zoltek |Intec 52 1.57 | 101 5] 1,400| 7.4 106 1.9 1.32|| 6 | 1,193 45 | 3 96| 0.6 1.24
214x | Zoltek |Intec 48 1.54 | 108 | - = = = = = 511037] 25| 5 104| 0.6 1.00
031x | Grafil |Intec 52 158 | 134 6 | 1,570| 1.6 103| 3.7 152 6 | 1,310] 6.1 | 5 96] 1.9 1.37
031x | Grafil [IMSU 53 = = 3 [1,496] 6.5 97 1.5 ] 155 2] 1,070 11.0| - 96] - 1.11

Note: Intec compressive modulus measurement used for MSU test of panel 031x.

Table 5-3 provides the panel numbering and description of both thin and thick infused carbon
articles. All of the infused articles use the SAERTEX carbon-fiberglass triaxial fabric style
depicted in Figure 4-2. Table 5-4 gives the panel numbering and description for the thin infused
fiberglass panels.

Table 5-3. Numbering and Description for VARTM-Infused Carbon Panels

Carbon Ply Description Glass Facing Total
Panel Manufacturer/ Tow Areal Number per Side Thickness Matrix
I.D. Type Size Weight (gsm) of Plys (gsm) (mm)
022X Toray T600 24k 150/670/150 4 300 4.3 Epoxy, Jeffco 1401
glass/carbon/glass
150/670/150 Vinyl ester,
026X Toray T600 24k glass/carbon/glass 4 300 42 Vipel FO10
150/670/150 Epoxy, Huntsman
1211 Toray T600 24k glass/carbon/glass 12 800 11.2 LY 1564
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Table 5-4. Numbering and Description for VARTM-Infused Fiberglass Panels

Glass Ply Description Glass Facing Total
Panel Manufacturer/ Uni Glass Areal Number per Side* | Thickness Matrix
I.D. Type Weight (gsm) of Plys (gsm) (mm)
Vector Ply Vinyl ester, Ashland
020X E-LT-5500-10 1865 2 580 45 Momentum 411-200
Vector Ply Epoxy, Huntsman
029X E-LT-5500-10 1865 2 580 4.2 L\ 1564

* 3 plys total of DBM 1708, one each per face and one between uni glass plies.

51.1.1

Infused Fiberglass Static Results

Table 5-5 summarizes the static test results for the infused thin coupons, for both fiberglass and
carbon fibers. The data in the tables indicate that for both fiber types, the compaction and fiber
volume fractions show little difference between epoxy and VE resins. Note that the 53% v
measured for the fiberglass-epoxy panel (020X) is somewhat suspect, as that measurement had
relatively large scatter and implied a void volume of -6.2%. Also notable in these data is a
higher-than-expected glass transition temperature (T,) for the fiberglass-VE panel. While these
two physical property measurements are anomalous, the remainder of the strength and stiffness
measurements for the fiberglass panels appear to be reliable.

In general, the E-LT-5500 fiberglass material showed good performance in static strength for

both epoxy and VE resins. Average tensile strain approached 2.3% for both resin systems, with
very low coefficients of variation (COV < 2%). Average compressive strains were only slightly
lower, and showed greater variability.(COV = 6%-7%).

Table 5-5. Static Test Data for Infused Thin Panels

Tension Compression
Physical Properties || Mean Stress Modulus Strain|| Mean Stress Modulus Strain
1.D. Fiber | Resin o p Ty # ox Cov Ex cov £ # ox COV | # Ex Ccov £
(%) |(gfem®)| (C) (MPa)| (%) [(GPa)| (%) | (%) (MPa)| (%) (GPa) [ (%) | (%)
022x | Toray |Epoxy | 56 1.685] 64| 5 [ 1,253] 4.6 77.4] 3.5 1.62| 6 770] 48 | 5 70.3] 3.0 1.10
026x | Toray |VE 55 1.593] 65| 6 | 1,140] 1.5 82.8] 3.5 1.38| 6 807] 7.8 | 5 79.3] 3.0 1.02
020x | E-Glass |Epoxy | 53* | 1.934] 70| 10 704] 1.3 31.1] 35| 2.26] 9 702] 7.2 |10 31.2] 2.9 2.25
029x | E-Glass |VE 56 | 1.958] 104f11] 7o07] 1.9 | 30.9] 2.3 | 2.29[12] 757] 5.6 [10] 348] 3.0] 2.18

*9.6% COV, 4 samples, -6.2% measured void volume.

5.1.1.2

Infused Carbon Static Results

Because the fabric styles and laminate schedules are identical between the epoxy and VE infused
carbon panels, it is reasonable to expect the modulus values to also be in close agreement.
However, Table 5-5 shows that the tensile and compressive modulus were 7% and 13% higher,
respectively, for the carbon panels infused with VE rather than epoxy resin. The modulus
variation results in some inconsistency between comparisons based on stress and strain. This is
particularly evident for the compression case, where the mean compressive stress for the VE
coupons was nearly 5% higher than the equivalent epoxy materials, but because of the
differential in measured modulus the calculated VE compressive strain was 7.3% lower than for
the epoxy. For tension, the VE material achieved a tensile stress of 9% lower than the epoxy.
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Due to the differential in measured modulus, the calculated tensile strain for the VE was nearly
15% lower than the epoxy.

However, the most significant result is the high performance of the infused SAERTEX carbon-
fiberglass fabric (ID 022x and 026x) with both epoxy and VE resins. Value for fiber volume
fraction and compressive strain were both comparable to those seen for the prepreg materials in
Table 5-2.

5.1.2 Thin-Coupon Fatigue Testing

5.1.2.1 General

Some of the following data were developed by MSU under the DOE/MSU Database program
[10] and provided to GEC for comparative purposes. In the present report, strain values for most
cases have been calculated based on measured compressive chord modulus. This approach is
different from the typical methodology at MSU, and so the strain values plotted in the following
figures may not agree with data presented by MSU. However, this approach has been used in the
present work so that results from different materials can be compared on a self-consistent basis.
For a limited number of cases, strain data have also been presented based on measured strain.

For all data, fatigue curves were developed of the forms:

& _1
£ AN Equation 1
80
Where:
& = single-cycle strain
A = coefficient of the &-N curve
N =number of loading cycles
m = inverse slope of the &-N curve.
o _1
—=A-N % Equation 2
O-O
Where:

0o = single-cycle stress

As long as stress and strain are related by a single constant (the elastic modulus), then the curve-
fit parameters A and m will be the same for both the 6-N and &-N curves. If strain data are based
on measurements, rather than calculations from measured stress, then the curve fits for stress and
strain may differ.

Fatigue testing is distinguished by the ratio of minimum divided by maximum stress, or R-value.
Testing under the Part II study has so far included R = 0.1 (tension-tension), R = 10
(compression-compression), and R = -1 (tension-compression). All data herein have been
analyzed and presented in terms of the absolute value of maximum stress in the fatigue loading
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cycle. In applying Equation 1 to fatigue curve fits, the compressive single-cycle value of & was
used for R = 10 and R = -1, and the tensile single-cycle & was used for R = 0.1.

Summary results from the fatigue tests are given in graphical and tabular formats in the
following sections. A detailed tabulation of the measured data and curve-fit calculations is
provided in Appendix E.

5.1.2.2 Infused Fiberglass Fatigue Results

The testing of infused fiberglass in tension presented some challenges concerning analysis and
presentation of the data. During the fatigue testing MSU observed that the £45° plies tended to
crack during the initial cycles, which reduced the stiffness and increased the material strain. This
behavior was more significant for the fiberglass than for the carbon coupons for the following
reasons: the infused fiberglass articles had a relatively large amount of +£45° content relative to
the zero-degree plies, the stiffness contribution of the £45° plies is significantly greater than for
an equivalent coupon with carbon fiber zero-degree plies, and the strain levels for the fiberglass
coupons are greater than is typical for carbon materials.

Because of these mechanisms, a significantly different e-N curve would result from using a
constant modulus to calculate strain as opposed to fitting the measured strains directly. For
completeness, both analytical approaches are shown below. It should be noted that matrix
cracking in the +45° plies was not observed for compression, and the short gage sections used in
the compression tests prevent accurate measurement of the strain. Therefore, the strain data for
compression was calculated by MSU based on the measured (constant) value of the tensile
modulus.

Figure 5-1 and Figure 5-2 show fatigue data for the E-LT-5500 fiberglass fabric, infused with
both epoxy and VE resins. Strain values in these figures were calculated by GEC based on the
MSU-measured stress levels combined with the average modulus measured by Intec in static
testing. Curve-fit parameters (per Equations 1 and 2) are listed.

In both tension and compression, the single-cycle strain values (Table 5-6) showed only modest
variation between the epoxy and VE resins. The single-cycle tensile strain was higher than the
static value measured at Intec (Table 5-5), and the compressive single-cycle strains were lower
than the corresponding static measurements. In the case of the tensile tests, both labs used ASTM
D3039 coupons, but the single-cycle data of MSU had a higher loading rate. For the compressive
tests, the Intec static measurements used ASTM D695, whereas the MSU fatigue tests used
ASTM D3410, with varying standard and non-standard gage section lengths as needed to obtain
satisfactory failure modes.

The &-N curve of Figure 5-1 shows several trends. For both the epoxy and VE resins, the

intersect of the curves at zero cycles is substantially higher than the measured single-cycle strain.
This behavior is also indicated by the high values of the “A” curve-fit parameter seen for R = 0.1
in Table 5-6. At higher cycles, the VE tension fatigue strength falls consistently below that of the

epoxy.
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Figure 5-2. R = 10 Fatigue Data for Thin-Coupon Infused Fiberglass (Calculated Strains)

Table 5-6. Curve-Fit Parameters for Infused Fiberglass Thin Coupons (Calculated Strains)

R=0.1 R =10
Material c, (MPa) | &, (%) m A c, (MPa) | & (%) m A
ELT-5500 / Epoxy 836.3 2.69 10.4 1.172 551.7 1.77 16.2 1.028
ELT-5500/ VE 808.9 2.62 8.4 1.202 653.8 1.88 20.7 1.041
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Significantly different trends are seen for the compressive fatigue data of Figure 5-2. Most
notable is that the VE data fall consistently above that of the epoxy. The curves are also flatter
than those seen for the R = 0.1 data (higher values of slope parameter, “m’). Based on the curve
fits, the predicted strain levels at 1E+6 cycles for R=10 are meaningfully higher than those
indicated by the R = 0.1 curves. However a careful comparison of Figure 5-1 and Figure 5-2
indicates that this may partly be an artifact of the sparseness of the R = 10 data sets combined
with the relatively flat slope for the curve fits.

Figure 5-3 shows the R = 0.1 &-N curves based on measured rather than calculated strains. The
overall trends are as seen in Figure 5-1, but with a general shift toward higher strain values. The
corresponding curve-fit parameters are given in Table 5-7.
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Table 5-7. Curve-Fit Parameters for Infused Fiberglass Thin Coupons (Measured Strains)

R=0.1
Material g (%) m A
ELT-5500 / Epoxy 3.36 9.6 1.210
ELT-5500/ VE 2.50 10.1 1.320
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5.1.2.3 Prepreg Carbon Fatigue Results

Figure 5-4 through Figure 5-6 show fatigue data for three styles of carbon prepreg material.
Curve-fit parameters are listed in Table 5-8. The data for the Grafil/Newport material were
developed by MSU under the DOE/MSU Database program. Data for Toray and Zoltek fibers
(SP WE90-1 resin with PMP) were from testing conducted at MSU under the BSDS-II study.

The data of Figure 5-4 show that for R = 0.1 fatigue the Grafil and Toray fiber &-N curves were
consistently above the corresponding Zoltek data. At high cycles, the Grafil fibers showed the
best performance, with the Toray curve crossing at around 30 cycles due to slightly higher values
for single-cycles strain. All three curves for R = 0.1 fatigue were very flat, with slope parameter
(m values) ranging from about 31 to 48.

The trend for compression fatigue was somewhat different. Figure 5-5 shows that for R = 10 the
two moderate-tow fibers had very similar &-N curves for R = 10 fatigue, with the Toray data
being only slightly favored. The large-tow (Zoltek) data showed higher values for single-cycle
compression, and a somewhat steeper slope throughout the curve. Nonetheless, all three curves
for R = 10 fatigue were again flat. The slope parameter values were m ~ 46 for the Grafil and
Toray fibers, and m ~ 28 for the Zoltek fiber.

For fully reversed loading, the Toray and Zoltek curves were quite similar to one another. By
comparison, the Grafil curve was flatter, with reduced magnitude of single-cycle strain, and
higher strain values at large cycles (Figure 5-6).
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Figure 5-4. R = 0.1 Fatigue Data for Thin-Coupon Prepreg Panels
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Table 5-8. Curve-Fit Parameters for Prepreg Carbon Thin Coupons

R=0.1 R =10 R=-1
Material G, (MPa) | &, (%) m A G, (MPa) | &, (%) m A m A
Grafil / Newport 1496.4 1.45 479 1.030 1047.0 1.08 46.1 0.992 26.0 0.998
Toray / SP 1980.9 1.52 31.4 1.020 1229.7 1.12 46.5 0.990 17.3] 0.995
Zoltek / SP 1812.3 1.40 37.7] 0.979 1257.8 1.21 27.6 0.982 16.2| 0.966

5.1.2.4 Infused Carbon Fatigue Results

Figure 5-7 through Figure 5-10 present fatigue data for the VARTM-infused carbon-fiberglass
triaxial fabric. Curve-fit parameters are listed in Table 5-9. The test panels include both epoxy
and VE resins. It was noted in the above section on static strength testing that although the
laminate schedule is identical for these panels, the differential in measured modulus results in
different trends for stress and strain comparisons. Figure 5-7, Figure 5-8, and Figure 5-9 are
plotted on the basis of stress, which is a more direct basis for comparing the load-carrying
capability of the tested laminate.

In tension (R = 0.1), the fatigue performance of VE was clearly lower than epoxy. Figure 5-7
shows that the single-cycles stress for the infused VE material was slightly higher than that for
the epoxy, but at a million cycles was about 25% lower.

Significantly different trends are seen in the fatigue stress data for compression and reversed
loading, with a much smaller difference between the VE and epoxy results. Figure 5-8 shows
that in R = 10 loading, the VE stress levels were consistently higher than the epoxy, with a
differential of about 5% at low cycles, growing to more than 10% at high cycles. Figure 5-10
shows the R = 10 data plotted on the basis of stain. As expected, applying the higher
compressive modulus in the VE strain calculations resulted in a shift between the curves.
Calculated VE strains for R = 10 fatigue are about 7% lower than epoxy at low cycles, and 2%
lower at high cycles.

Fatigue data for R = -1 (Figure 5-9) are relatively sparse, and show only modest difference in
measured stress between epoxy and VE. The VE curve is steeper than that for epoxy, partly due
to higher values of single-cycle stress. As noted above, applying the measured compressive
modulus values to these curves would result in a downward shift of the calculated VE strains
relative to the epoxy.
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Table 5-9. Curve-Fit Parameters for Infused Carbon-Glass Triax Thin Coupons

R=0.1 R =10 R=-1
Material c, (MPa)| &, (%) m A G, (MPa) | &, (%) m A m A
SAERTEX / Epoxy 1297.0 1.68 30.2] 0.995 859.9 1.22 15.8] 0.985 25.1 1.003
SAERTEX / VE 1330.8 1.68 16.8[ 1.000 965.4 1.22 25.1] 1.003 13.1] 0.952

5.1.2.5 Comparison of Fatigue Data for Prepreg and Infused Materials

Figure 5-11 through Figure 5-13 show comparisons of fatigue data for prepreg and infused
(epoxy) panels. The infused panels use the SAERTEX carbon-fiberglass triaxial fabric with a
substantial amount of integral £45° fiberglass fibers, whereas the prepreg panels are primarily
unidirectional carbon tape, with a small amount of £45° glass in the facings. Consequently, the
modulus of the infused panels is by design lower than the prepreg materials. In terms of
evaluating the performance of the carbon fibers in the laminate, a comparison of strain levels
provides a more valid basis than does the stress.

Figure 5-11 compares the R = 0.1 data from the Toray prepreg and epoxy-infused triax panels.
The overall performance for these materials is quite similar, with strain values for the infused
article modestly higher than those for the prepreg over the entire range of cycles.

Figure 5-12 shows a somewhat different trend for R = 10 fatigue. At the single-cycle end of the
e-N curve, the infused triax panel strains are about 10% higher than the prepreg, but at 1E+6
cycles, the triax strains fall below the prepreg by 20%. The R = 10 slope is steeper for the
infused material. The prepreg e-N curve has a slope parameter of m = 46, whereas the triax has
anm =~ 25.

Comparisons for R = -1 loading (Figure 5-13) show very close agreement between the infused
material and the Toray prepreg. At the single-cycle end of the curve, the infused material has
strains about 8% higher than the prepreg, and at high cycles, the two curves converge.
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Figure 5-12. R = 10 Fatigue Data for Prepreg and Infused (Epoxy) Panels



14

T T T
| |
| | R =-1 Fatigue
| |
10K ___ [ [
. | | |
| Toray / SP: 211X
2 b | SAERTEX / Epoxy: 022X
<104 | ‘ ‘
= I ! !
[ | |
= + | |
(/) -
® 081 ‘ 1
= i |
[2] |
3 I !
a0.6’7777777777777777777777 777777777777777777 : 7777777
£ i | | ] |
8 | | |
L | | | |
é’ 04+ ----—- - ____ 1o O [ [
£ : : : :
+ | | | |
I | | | |
0.2 + | I | |
I | | | |
! l l l l
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7
Number of Cycles
& Toray/SP B SAERTEX/ Epoxy
—Toray / SP (curve fit) —— SAERTEX / Epoxy (fit)

Figure 5-13. R = -1 Fatigue Data for Prepreg and Infused (Epoxy) Panels

5.2 Thick Coupon

5.2.1 Thick-Coupon Compressive Static Testing

As discussed above, initial thick-coupon testing has been performed for an epoxy-infused triax
panel of 11.2-mm thickness. Initial compression testing was performed at Intec using a long dog-
bone shaped specimen with custom-designed anti-buckling restraints (details depicted in
Appendix B). Two attempts were made with this coupon geometry using two different designs
for the anti-bucking fixture. Neither test was successful, with failures occurring near the grips at
strain levels far below those achieved for the thin coupons.

Subsequently, the thick-coupon compressive testing was switched to use an ASTM D6641
coupon geometry and combined loading in compression (CLC) fixture. Seven 12.5-mm wide
coupons and four 25-mm wide coupons were successfully tested at the WSU test facility using
the CLC fixture shown in Figure 5-14. Test results are presented in

Table 5-10, and a typical failure is shown in Figure 5-15. As indicated by the tabular data, higher
static strength was measured for the 25.4-mm wide coupons than for those with a 12.7-mm
width. As a result, the 25.4-mm wide geometry was selected for ongoing testing of the thick
coupons.
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The compressive strain measured for the 12.7-mm and 25.4 mm wide thick-coupons is 29% and
19% lower, respectively, than that measured for the thin-coupon testing of the same material.
Because of difficulties encountered with the thick-coupon testing, it is not known if these
decreases in strain are due to scaling effects or testing issues.

Figure 5-14. D6641 (CLC) Thick-Coupon Test Fixture

Table 5-10. Thick-Coupon Static Test Results, WSU D6641 Testing

(12.7-mm wide coupons) (25.4-mm wide coupons)
Physical Properties Mean Stress Modulus Strain|| Mean Stress Modulus Strain
I.D. | Lab Vs p T, # oy cov Ey cov & # ox | COV| Ex |[COV| g,
@) | (glem’) | (C) (Mpa) [ (%) | (Gpa) | (%) | (%) (Mpa)| (%) | (Gpa) [ (%) [ (%)
1211 WSU| 56 1.676 72| 7 632| 11.5 80.6] 3.7 0.78| 4 709| 12.3 80.0] 3.5 0.89

Figure 5-15. Thick-Coupon Gage Section Failure

5.2.2 Thick-Coupon Fatigue Testing

Following successful testing of the thick coupons in static compression, R = 10 fatigue testing
was attempted using the same fixtures and specimen geometry. Initial tests resulted in failures in
the tab region at load levels far below those expected for the material. It was determined that the
stress concentration at the gage-section end of the tabs could be reduced by modifying the tab
angle from 90° to 105°.
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A new set of coupons was machined with the 105° tab angle; and fatigue testing was once again
attempted. Although the modified coupons did not fail prematurely, the testing overloaded and
damaged the CLC fixture. Based on these experiences, WSU opted to terminate both static and
fatigue testing of thick coupons. No further effort was made for this type of article under the
BSDS-II project.

5.3 Carbon Ply Drop

5.3.1 Prepreg Ply Drops

As noted in Section 4.5, ply drops were tested in both straight and pinked edge geometries.
Figure 5-16 depicts a representative layup for a ply-drop panel The pinked ply-drop
configuration is illustrated graphically in Figure 4-4, and a detailed panel specification (for
infused SAERTEX material) is shown in Appendix C.

In general, asymmetries in the ply drop and ply transition panels created challenges for obtaining
reliable results in compression testing. Therefore, the majority of fatigue testing was performed
for R =0.1. Similar trends could be expected for R = 10, and R = -1, with an overall reduction in
the fatigue performance expected.

Figure 5-17 shows results for ply-drop panels manufactured at MSU using the Grafil/Newport
prepreg material. The data represent the number of cycles required to develop a delamination of
6.35 mm. As seen in the figure, for the straight ply drop, the strain level for 1E+6 cycle
delamination is below 0.3%. The fatigue performance for the pinked coupon is greatly improved,
with 1E+6 strain increased to above 0.5%. Curve-fit parameters for all infused ply-drop panels
are given in Table 5-11.

UD Carbon
3 full plies Vacuum bag Glass facing (DBM), both sides

UD carbon

2 droppert plies Release film, both sides

|
|

Caul Shim

Figure 5-16. Representative Layup of Ply-Drop Panel
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Figure 5-17. R = 0.1 Data for Prepreg Ply Drops

Table 5-11. Curve-Fit Parameters for Prepreg Ply-Drop Panels

R=0.1
Drop Style | 6, (MPa) | &, (%) m A
Straight 755.0 1.13 12.2 1.129
Pinked 965.0 1.24 17.7 1.059

5.3.2 Infused Ply Drops

Figure 5-18 and Figure 5-19 show results for ply-drop panels manufactured at TPI using the
SAERTEX carbon-fiberglass triax fabric with both epoxy and VE resins, in both straight and
pinked configurations. Curve-fit parameters for all infused ply-drop panels are given in
Table 5-12.

The trends for both epoxy and VE resins are quite similar. For the straight-edge configuration,
the 1E+6 strain is about 0.3%, and only slightly higher for the epoxy resin than for VE. The
improvement due to pinking is less than was seen for the prepreg materials, with 1E+6 strain
values increasing to about 0.4% for both epoxy and VE.

The relatively low fatigue performance for the infused ply drops with pinking may be partly due

to the geometry of the ply drops and panels. Carbon fiber is difficult to cut, and Figure 5-20
shows that the accuracy of the pinking in the SAERTEX fabric was far from ideal. By contrast,
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the tacky nature of prepreg materials makes precise cutting much easier, as evidenced in
Figure 5-21.
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Figure 5-18. R = 0.1 Data for Infused Epoxy Ply Drops

1.8 T T T
| | | R=0.1 Fatigue
T R S e
[ ! ! | VE, straight: SN5-422
Ao N Lo 1 _|VE pinked: SN5-424 | _ |

Max. Tensile Strain (%)

1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7
Number of Cycles

& VE, Straight B VE, Pinked
—VE, Straight (curve fit) =—VE, Pinked (curve fit)

Figure 5-19. R = 0.1 Data for Infused VE Ply Drops
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Table 5-12. Curve-Fit Parameters for Infused Ply-Drop Panels

R=0.1
Resin Drop Style | o, (MPa) g (%) m A
Epoxy Straight 987.0 1.22 11.1 0.906
Epoxy Pinked 1232.0 1.58 9.6 1.003
VE Straight 11125 1.39 9.1 0.935
VE Pinked 1141.1 1.45 10.2 1.100

The infusion process also presented challenges for obtaining good symmetry through the coupon
thickness. By design, the VARTM process has a hard surface (mold) on the bottom and a soft
surface (vacuum bag) on the top. As a result, it is difficult to obtain the same geometry on both
surfaces. While several shimming approaches were tried, the best on the infused panels has less-
than-ideal symmetry. This is illustrated in Figure 5-22, where a wide variation of asymmetry is
seen.

During testing, MSU documented that the coupon asymmetry played a role in the failure
progression. Figure 5-23 details the delamination in the panel with straight ply drop and VE
resin. The figure shows that the face with the most extreme geometry change (thin section to
thick) delaminated first. Under continued fatigue testing, it was observed that out-of-plane
movement caused the other face to delaminate.

Pinked ply Termination Straight Ply Termination

Figure 5-20. Face View of Ply Terminations Taken from Matrix Digestion Coupons
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Figure 5-22.

39

Edge View of Material 422 (Straight-Edge, VE) Coupons Showing Asymmetry



Crack growth

= Full composite
thickness

No cracking
on this face

Figure 5-23. Material 422 (Straight-Edge, VE) Showing Ply Delaminations

5.4 Carbon-Fiberglass Ply Transition

5.4.1 General

As discussed in Section 4.6, the test matrix includes the evaluation of carbon-to-fiberglass ply
transitions, as this is considered to be an important structural detail for the integration of carbon
fiber materials into wind turbine blades. Figure 4-5 shows a conceptual illustration of such a
detail in a blade structure.

Two methods of testing these details have been considered during this project. The first is axial
testing of a coupon that includes a ply-transition detail. Challenges with this approach include
the need to maintain symmetry of the coupon, and limitations to the overall ply number and
consequential limitations on the ratio of continuous versus transitioned plies. The second method
considered is a 4-point bending test of a box-beam with spar structure. This approach eliminates
the need for axial symmetry of each spar, and the overall structure more closely mimics that of a
turbine blade. However, this approach has additional cost and complexity concerning the design
of shear webs, load introduction, and other details.
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In the end, all ply-transition tests were conducted in axial loading. Figure 5-24 illustrates the
general arrangement of the panel layup. The ply transition panels include several details which
proved challenging for design and testing. First, the stiffness of unidirectional fiberglass is about
1/3 of that for carbon fibers. Therefore, maintaining continuity of stiffness across the ply
transition would require that a dropped carbon ply be replaced by plies of approximately three
times the carbon ply thickness. This was accomplished by the addition of “doubler” plies of
fiberglass as shown in Figure 5-24.

A related issue is the motivation to avoid the introduction of misalignment in the unidirectional
plies. Because carbon fibers are recognized to be more sensitive than fiberglass to misalignment,
the initial design philosophy was to keep the glass doublers to the exterior of the carbon plies
(see Figure 5-24).

Initial testing with this feature resulted in a failure mode being introduced at the glass doublers.
As a result, the panels were re-designed so that glass doublers were located inside the outer-most
carbon plies (see Figure 5-25). Although this introduced a slight “jog” in the outer carbon plies,
the redesigned transition exhibited improvements in failure mode and corresponding strength.
These trends are discussed in greater detail in the following sections.

Note that although the Figure 5-24 caption and subsequent discussion refers to an “exterior”
doubler, this does not imply that the doublers were the outer-most lamina in the panel. In all
cases, a final ply of double-bias material was used to cover the unidirectional materials. The use
of “interior” and “exterior” for doublers describes their placement relative to the carbon
unidirectional layers.

UD E-Glass UD carbon

1 transition ply + 2 doubler plies All full-length plies
3:1 glass-to-carbon ratio under each doubler Glass facing (DBM)
(doublers overlap) /_ both sides
UD carbon
1 transition p1y7 Release film
Vacuum bag // both sides

ﬁ
Caul Shim

Figure 5-24. Representative Layup of Ply-Transition Panel
(Initial Design, Exterior Doublers)
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UD E-Glass UD carbon

1 transition ply + 2 doubler plies 1 full-length ply
3:1 glass-to-carbon ratio under each facing Glass facing (DBM)
(doublers overlap) both sides
UD carbon Release film
Vacuum bag 1 transition ply both sides

-

|

Caul Shim

Figure 5-25. Representative Layup of Ply-Transition Panel
(Redesign, Interior Doublers)

5.4.2 Infused Ply Transitions

The initial ply-transition panels tested under this program were infused at TPI using the
SAERTEX carbon-fiberglass triax fabric with epoxy resin. The conceptual design of the ply
transition was as shown in Figure 5-24, with an exterior doubler arrangement.

Performance of the initial infused ply-transition panels was unexpectedly poor. The results were
mainly attributed to the axial symmetry of the panels and the exterior location of the doublers.
Figure 5-26 shows typical cross-section views of the infused ply transition panels. As seen in the
figure, the panels tended to be asymmetric, with a pronounced step on one surface and a minimal
step on the opposite surface.

MSU noted that the failure sequence was consistently related to this asymmetric geometry.
Figure 5-27 shows the typical delamination sequence observed during tensile testing. In all test
articles, the ply delamination started between the first dropped zero-degree ply and the second,
continuous zero-degree ply on the “smooth” side of the coupon (see Figure 5-27). The opposite
side with the more abrupt step did not begin to delaminate until the first side was significantly
delaminated.
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Figure 5-26. Typical Cross-Sections for Infused Ply Transitions
(Top 2 Mostly Glass, Bottom 2 Mostly Carbon)

Ply drop
Delamination (1)

Delamination (2} +
Ply drop

Figure 5-27. Typical Ply Delamination Sequence

Table 5-13 shows the average static tensile strength data measured for the infused transition
panels. In general, the strain levels to delamination were very low for tensile testing. MSU was
unable to run compression tests due to the asymmetry of the coupon taper.

Table 5-13. Static Tensile Data for Infused Carbon-Fiberglass Ply Transition Panels

Modulus (GPa) Max. Stress (MPa) Max. Strain (%)
Configuration Thin Thick Thin Thick Thin Thick
Side Side Side Side Side Side
Mostly Carbon 83.2 71.1 952.4 - 1.06 -
Mostly Glass 42.9 39.5 493.4 - 1.21 -
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A second-iteration design was developed for the infused ply-transition panels. These articles
were fabricated and delivered to MSU in December 2006. However, in exploratory cuts MSU
discovered an error in the as-built laminate schedule that they concluded would lead to an
undesirable failure mode. As such, testing of the second-iteration infused panels is not planned to
proceed.

5.4.3 Prepreg Ply Transitions

Based on the lessons learned from the initial infused articles, the transition panels were
redesigned and fabricated at MSU using prepreg material. The carbon material was the same as
used in the MSU ply-drop articles (Grafil fiber with Newport prepreg resin). The fiberglass
materials were also impregnated by Newport. As discussed in Section 4.6, ply transition panels
were fabricated in both mostly glass and mostly carbon configurations. Additionally, two layup
schedules were used, transitioning either one or two plies. In an attempt to delay the onset of
delamination, the fiberglass doublers were moved to the interior of the unidirectional fabric stack
as indicated in Figure 5-25. Detailed panel specifications for prepreg one- and two-ply transition
panels are shown in Appendix C.

Figure 5-28 shows results for ply-transition panels manufactured at MSU. As in the ply-drop
tests, the data represent the number of cycles require to develop a delamination of 6.35 mm.
Curve-fit parameters for the infused ply-transition panels are given in Table 5-14.

The figure shows a significant reduction in fatigue performance in going from one to two ply
transitions (mostly glass data). However, the tensile strain values for delamination at 1E+6
cycles is close to 0.5%, which compares somewhat favorably with results for the ply-drop
coupons.

As of this report date, testing at MSU is ongoing for prepreg transition panels at R = 10 and

R = -1. Results from these tests will be reported by MSU as part of the ongoing development of
the DOE/MSU Database [10].
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Max. Tensile Strain (%)

0.0

1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7
Number of Cycles
¢ Mostly Glass, 1 ply ®  Mostly Glass, 2 ply ® Mostly Carbon, 2 ply

Mostly Glass, 1 ply ( fit)

= = = Mostly Glass, 2 ply (fit)

Mostly Carbon, 2 ply (fit)

Figure 5-28. R = 0.1 Data for Prepreg Ply-Transition Panels

Table 5-14. Curve-Fit Parameters for Infused Ply-Transition Panels

R=0.1
Style Plies Transitioned | o, (MPa) | &, (%) m A
Mostly Glass 1 818.5 2.33 13.8 1.002
Mostly Glass 2 701.4 1.78 9.8 1.008
Mostly Carbon 2 917.6 0.95 23.1 1.020




Section 6 - Observations and Conclusions

This report summarizes the results from coupon and subscale testing of carbon-fiber composites
for potential use in wind turbine blades. Initial thin-coupon static testing included a wide range
of parameters, including variation in manufacturer, fiber tow size, process, fabric architecture,
and resin type. A smaller set of these materials and process types was also evaluated in thin-
coupon fatigue testing, and in ply-drop and ply-transition panels. The majority of materials used
epoxy resin, with VE resin also used for selected cases. Late in the project, testing of
unidirectional fiberglass was added to provide an updated baseline against which to evaluate the
carbon material performance.

6.1 Thin Coupon Static

6.1.1 Carbon Fiber

Thin-coupon testing of prepreg materials showed little variation in static strength with
manufacturer or tow size. Average values for compressive static strain were typically in the
range of 1.0%-1.1%.

The SAERTEX carbon-fiberglass triaxial fabric with epoxy infusion achieved static strain values
similar to prepreg materials. However, because of the inclusion of the +45° glass, the modulus
and stress at failure are both lower than for the unidirectional carbon prepreg. These results show
that the carbon fibers in the infused laminate are reaching performance levels comparable to that
of a unidirectional prepreg.

With VE infusion, the SAERTEX triaxial materials achieved slightly higher compressive static
strength than that of the epoxy-infused articles. However, the compressive modulus measured by
Intec for the VE infused panels was 13% higher than measured for the epoxy material. As a
result, the calculated static compressive strain was 8% lower for the VE coupons.

Because the fabric was the same in both cases, and the measured panel thickness and fiber
volume fractions were nearly identical, the large difference in modulus would not be expected. In
general, the stress measurement which is based on applied load is more reliable than the
compressive modulus measurement, which is based on a strain gage on a small specimen.
Nonetheless, to maintain consistency in the presentation and analysis of data, GEC has used
measured compressive modulus to calculate compressive strain.

6.1.2 Fiberglass

Static testing was performed for the E-LT-5500 fiberglass fabric, infused with both epoxy and
VE resin. In general, the fiberglass material showed good performance in static strength for both
epoxy and VE. Average tensile strain approached 2.3% for both resin systems, with very low
coefficients of variation (COV < 2%). Average compressive strains were only slightly lower at
approximately 2.2%.
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6.2 Thin-Coupon Fatigue

6.2.1 Carbon Fiber

Two styles of carbon fiber were tested in a prepreg form: Toray T600 (24k) and Zoltek Panex 35.
Each of these fibers was impregnated by SP Systems, using their WE90-1 resin and PMP
process. A third data set was provided by MSU for comparative purposes, fabricated from Grafil
34-600 fibers (48k) and Newport NB307 resin. For all three prepreg materials, thin-coupon
fatigue testing was performed at R = 0.1, 10 and -1. In general, the three prepreg carbon
materials showed very similar fatigue performance. No consistent trend was seen concerning tow
size.

Epoxy-infused (SAERTEX triax) fabric preformed fairly well in fatigue relative to the prepreg
materials. At R = 0.1, the infused material strains were modestly higher than the Toray/SP
prepreg. For R = -1, the infused material strains were slightly higher at low cycles, and
converged with the prepreg strains at high cycles. A different trend was seen for R = 10 fatigue
At the single-cycle end of the e-N curve, the infused triax panel strains are about 10% higher
than the prepreg, but at 1E+6 cycles, the triax strains fall below the prepreg by 20%.

For the infused carbon panels in tension (R = 0.1), the fatigue performance of VE was generally
lower than epoxy. The single-cycles stress for the infused VE material was slightly higher than
for the epoxy, but was about 25% lower at a million cycles.

Significantly different trends are seen in the fatigue stress data for compression and reversed
loading, with a much smaller difference between the VE and epoxy results. In R = 10 loading,
the VE stress levels were consistently higher than the epoxy, with a differential of about 5% at
low cycles, growing to more than 10% at high cycles. Fatigue data for R = -1 are relatively
sparse and show only modest difference in measured stress between epoxy and VE. The VE
curve is steeper than that for epoxy, partly due to higher values of single-cycle stress. As noted
above, applying the measured compressive modulus values to these curves would result in a
downward shift of the calculated VE strains relative to the epoxy. Because the static testing at
Intec had measured higher modulus values for the infused VE panels than for the epoxy, a strain-
based compression tends to shift all the VE curves downward relative to the epoxy data.

6.2.2 Fiberglass

Fatigue testing was also performed for the E-LT-5500 fiberglass fabric, infused with both epoxy
and VE resin. In both tension and compression, the single-cycle strain values showed modest
variation between the epoxy and VE resins. The single-cycle tensile strain was higher than the
static value measured at Intec, and the compressive single-cycle strains were lower than the
corresponding static measurements.

Several trends were noted for the tension (R =0.1) &-N curve. For both the epoxy and VE resins,
the intersect of the curves at zero cycles is substantially higher than the measured single-cycle
strain. This behavior is also indicated by the high values of the “A” curve-fit parameter for the

R = 0.1 data. At higher cycles, the VE tension fatigue strength falls consistently below that of the
epoxy. For the VE data, the tensile strain at 1E+6 cycles was somewhat low at a value of about
0.6%.
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Significantly different trends are seen for the compressive fatigue data (R = 10). Most notable is
that the VE data are consistently above that of the epoxy. The curves are also flatter, and the
predicted strain levels at 1E+6 cycles are meaningfully higher than those seen for the R = 0.1
data. However, a careful comparison the tension and compression data indicates that this may be
an artifact of the sparseness of the R = 10 data sets combined with the relatively flat slope for the
curve fits.

6.3 Thick Coupon

Obtaining reliable results for thick coupons proved difficult. Using the ASTM D6641 coupon
geometry and combined loading in compression (CLC) fixture, seven 12.5-mm wide coupons
and four 25-mm wide coupons were successfully tested at the Wichita State University (WSU).
Subsequent attempts to conduct fatigue testing with the D6641 coupon caused damage to WSU’s
CLC fixture and as a result thick-coupon testing was terminated.

6.4 Carbon Ply Drop

In general, asymmetries in the ply drop and ply transition panels created challenges for obtaining
reliable results in compression testing. Therefore, the majority of fatigue testing was performed
for R =0.1. Similar trends could be expected for R = 10, and R = -1, with an overall reduction in
the fatigue performance expected. In performing the ply-drop tests, “failure” was determined by
the number of cycles require to develop a delamination of 6.35 mm.

For all fabric and resin styles, a ply drop with a straight edge resulted in low fatigue
performance. For prepreg laminate, the introduction of a pinked-ply drop edge nearly doubled
the strain level for delamination at 1E+6 cycles. With the infused fabrics, the pinked edge
showed far less benefit, with a strain improvement at 1E+6 cycles of only about 25%.

The relatively low fatigue performance for the infused ply drops with pinking may be partly due
to the geometry of the ply drops and panels. Visual inspection after resin burn-off showed that
the shape of the “pinked” fabric was significantly better for the prepreg than for the infused
articles. MSU also noted the contribution of through-the-thickness asymmetry to the failure
mode of the infused ply-drop articles.

6.5 Carbon-Fiberglass Ply Transition

It is expected that carbon-to-fiberglass ply transitions will be of high interest as blade designers
seek to optimize the use of carbon fiber in wind turbine blades. Panels were fabricated for axial
testing in an attempt to quantify the performance of such a feature. As in the ply-drop tests,
panels were evaluated based on the cycles required to develop a delamination of 6.35 mm.

Ply-transition panels were fabricated in two basic configurations. One was designated mostly
carbon, in which the article might represent the first carbon ply being transitioned to fiberglass in
a carbon spar cap. The other was designated mostly fiberglass, and would represent the last
carbon ply being transitioned. These two arrangements were considered as the bounding cases
for the carbon-to-glass transition of a structural spar. Both of these configurations were
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fabricated in prepreg and infused articles. For the prepreg transition panels manufactured at
MSU, two layup schedules were used, transitioning either one or two plies.

Initial ply-transition panels were infused by TPI using the SAERTEX carbon-glass triaxial
fabric. Testing at MSU showed unexpectedly poor performance in tensile strength, with
delaminations initiating at relatively low strain values. The early delamination was attributed
primarily to asymmetry in the thickness taper and the placement of fiberglass doublers at the
outer-most location in the stack of unidirectional plies. Based on the lessons learned from the
initial infused articles, the transition panels were redesigned and fabricated at MSU using
Grafil/Newport prepreg material. In an attempt to delay the onset of delamination, the fiberglass
doublers were moved to the interior of the unidirectional fabric stack.

R = 0.1 testing of the second-iteration prepreg panels has been completed at MSU. The data
show a significant reduction in fatigue performance in going from one to two ply transitions
(mostly glass data). However, the tensile strain values for delamination at 1E+6 cycles is close to
0.5%, which compares somewhat favorably with results for the ply-drop coupons.

As of this report date, testing at MSU is ongoing for prepreg transition panels in compression,
and for second-iteration epoxy-infused ply-transition panels at R = 0.1, 10, and -1. Results from
these tests will be reported by MSU as part of the ongoing development of the DOE/MSU
Database.

6.6 Summary

A range of carbon fiber styles and tow sizes were tested in prepreg form, and were generally
found to have little variation in performance.

Numerous unidirectional carbon fabrics were considered for evaluation with VARTM infusion.
Most fabric styles considered suffered either from poor infusibility or waviness of fibers
combined with poor compaction. The exception was a triaxial carbon-fiberglass fabric produced
by SAERTEX. This fabric became the primary choice for infused articles throughout the test
program. The generally positive results obtained in this program for the SAERTEX material
have led to its being used in innovative prototype blades of 9-m [11,12] and 30-m [13] length.

Infused articles were tested with both epoxy and VE resin systems. Comparisons between
prepreg and infused epoxy, and between infused epoxy and VE were somewhat complex. In
some cases, the performance variations were minimal and in other instances they were quite
significant. For complex articles (ply drops and ply transitions), the comparison between prepreg
and VARTM articles was complicated by the relative lack of symmetry in the infused articles.

The testing performed in this program has substantially added to the public-domain data for
carbon fiber materials suitable for use in wind turbine blades. While numerous challenges were
encountered during the course of this project, the results are nonetheless expected to be of value
to the wind turbine blade design community.

49



10.

1.

12.

13.

50

Section 7 - References

. BTM Consult ApS. (March 2006). World Market Update 2005, Forecast 2006-2010.

Ringkebing, Denmark. ISBN 87-987788-6-2.

Dutton, A.G., et. al. (March 1-5, 1999). Design Concepts for Sectional Wind Turbine Blades.
Proceedings of the 1999 European Wind Energy Conference, Nice, France. p.p. 285-288.

. Joosse, P.A., et al. (January 10-13, 2000). Economic Use of Carbon Fibres in Large Wind

Turbine Blades? Proceedings of AIAA/ASME Wind Energy Symposium. Reno, NV.

Joosse, P.A., et al. (July 2-6, 2001). Toward Cost Effective Large Turbine Components with
Carbon Fibers. Presented at the 2001 European Wind Energy Conference and Exhibition,
Copenhagen.

Joosse, P.A., et al. (July 2-6, 2001). Fatigue Properties of Low-Cost Carbon Fiber Material.
Presented at the 2001 European Wind Energy Conference and Exhibition, Copenhagen.

Joosse, P.A., et al. (January 14-17, 2002). Toward Cost Effective Large Turbine Components
with Carbon Fibers. Proceedings of AIAA/ASME Wind Energy Symposium. Reno, NV.

Griffin, D.A. (July, 2002). Blade System Design Studies Volume I: Composite Technologies
for Large Wind Turbine Blades. SAND2002-1879. Albuquerque, NM: Sandia National
Laboratories.

Griffin, D.A. (June, 2004). Blade System Design Studies Volume II: Preliminary Blade
Designs and Recommended Test Matrix. SAND2004-0073. Albuquerque, NM: Sandia
National Laboratories.

TPI Composites Inc. (May 2004). Innovative Design Approaches for Large Wind Turbine
Blades. SAND2004-0074. Albuquerque, NM: Sandia National Laboratories.

Mandell, J.F., Samborsky, D.D. (1997). DOE/MSU Composite Material Fatigue Database:
Test Methods, Materials and Analysis. SAND97-3002, Update Version 14.0, February 25,
2005, Sandia National Laboratories. Albuquerque, NM.

Berry, D. (April 2006). Wind Turbine Blades: Blade Manufacturing and Materials
Development. Presented at the 2006 Sandia Blade Workshop. Albuquerque, NM: Sandia
National Laboratories.

Paquette, J. (April 2006). Lab Testing of Subscale 9m Blades. Presented at the 2006 Sandia
Blade Workshop. Albuquerque, NM: Sandia National Laboratories.

Griffin, D.A. (April 2006). Demonstration of an Infused Carbon Fiber Spar in a MW-Scale
Blade. Presented at the 2006 Sandia Blade Workshop. Albuquerque, NM: Sandia National
Laboratories.



Appendix A

Original Planned BSDS-II Test Matrix

. # of Tests
Test Assumptions Planned
Thin coupon, static 5 tensile, 5 compressive 10
Thin coupon, S-N curve to 10° cycles (single R value) [4 ea. at 3-4 stress levels 4
Add S-N data to 10" cycles (single R value) 4 ea. at 10’ stress level 0
Thin P4A coupon, static 5 tensile, 5 compressive 0
Thin P4A S-N curve to 10° cycles (single R value) 5 ea. at 3-4 stress levels 0
Thin coupon with single ply drop / transition, static 5 tensile, 5 compressive 4
Thin coupon with single ply drop / transition, S-N to 10{4 ea. at 3-4 stress levels 4
Thick laminate, static compression 5 specimens 4
Thick laminate with transition or ply drops, static 5 specimens 4
Thick laminate with transition or ply drops, S-N to 10° |4 ea. at 3 stress levels 4
4-point beam with uniform cap laminate, static Single article to failure 1
4-point beam with uniform cap laminate, fatigue Single article to 10° 0
4-point beam with cap laminate details, static Single article to failure 1
4-point beam with cap laminate details, fatigue Single article to 10° 0
Biased material tube in axial / torsion loading, static |5 specimens 2
Biased material tube in axial / torsion loading, fatigue |4 ea. at 3 stress levels 1
Thick laminate + defects in static compression 5 specimens 3
Thick laminate + defects in fatigue 4 ea. at 3 stress levels 0
Determine margins / safety factors Assigned low priority 0
Lap shear tests of bonding compounds Assigned low priority 0
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Appendix B

Summary of Coupon Geometry and Test Fixtures

ASTM D3039 Static Compression Coupon, Typical

. Thickness varies with laminate
Tab angle varies from 5 deg. to 90 deg.
«  Typical load introduction is through hydraulic grips (shear loading)

[06] - 1550 -
. 139.7

[10.00 ] - [1.00]
254 l 254

[2.25]
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ASTM D3039 Mod. Test Setup at Intec
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ASTM D3410 Compression Coupon, Typical

. Thickness varies with laminate

. Length varies with test and gage length

. Gage lengths for testing varied from 6 mm to 18 mm

« Typical load introduction is through shear using a fixture
that provides side support

. Primary and secondary dimensions in mm and [in]

! 25
l ﬂ 6.4
[é].g] J - _ [gfgj
15.50 |
139.7 i
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.

Instron 8501 Grips with Anti Rotation/Translation Supports
at MSU (ASTM D3410 Coupon)



ASTM D695 mod. Static Compression Coupon, Typical

= Thickness varies with laminate
. Modulus coupaons not tabbed
+«  Typical load introduction through ends using a fixture with side support

[.10]

LT

j I 1
[.20] J
m E3é105] o { F] .307]
L [148] | T
378
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ASTM D695 Mod. Test Fixture

Ll

ASTM D695 Mod. Test Setup at Intec




ASTM D6641 Compression Coupon, Typical (Thick)

»  Thickness varies with laminate (thick coupon shown)

*  Width either 12.7 mm or 25.4 mm for tests at WSU

*  Typical load introduction is through a fixture which provides
combined shear and end loading (CLC)

. Primary and secondary dimensions in mm and [in]

o] 1 j TE&?}

[1.00] . [ss0] [1.00]
25.4 139.7 25 .4

_ o [ees] | T
57.2




WYOMING TEST FIXTURES, INC
ITH 1 T

WYOMING COMBINED
LOADING COMPRESSION
FIXTURE (ASTM D 6641)

SSEERIAL NO. WTF-EL-36

ASTM D6641 Test Setup at WSU



“Dogbone” Style Setup for Thick-Coupon Testing at Intec
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Appendix C

Example Panel Layout Specifications

Ply Drop Coupon, Pinked Edge, SAERTEX Triax

Primary and secondary units in mm and [in]

FULL LENGTH

TOP PLY . .
FACING (BOTH smmﬁ

[33] B

8.4 E

[10.75]
273

DETAIL B

DETAIL A
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Transition Coupon, First Carbon Out, Newport Prepreg

2 FACE PLIES

EACH SIDE—\ r——>r— [;?32]

GLASS PLY—__

DOUBLER—— #
PLY DETAIL A
FULL CARBON PLY

Bod A Co7]

“ LI *i |
| |
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Appendix D

Tabular Data for Static Tests (Intec)

Data from Intec testing were generally received as reports in PDF format. The following pages
contain excerpts from these reports that provide details of the measurements. The report excerpts
correspond to panels and static test data as summarized in Table 5-2 and Table 5-5. The Intec
reports are generally organized in the same order as the above-referenced tables. The exception
to this ordering is in cases where more than one panel is included in a single Intec report page.
The GEC panel I.D. number should be used to match the detailed Intec report excerpts to the
data summaries in the report tables.

For each panel, the typical order of data in these report excerpts is as follows:

1.  Tensile strength and modulus

2 Compressive strength

3 Compressive modulus

4.  Resin digestion (including fiber volume fraction, density and void content)
5

Glass transition temperature

Density tests for neat resin samples are at the end of the appendix.

Note that the Intec measurements were made and reported in U.S. units. Data were converted to
S.I. units for the tabular summaries presented in the body of this report.



Faport Mumber: 2198-B.03
Test Spacification: ASTM D3032-00
Purchasze Order: Sandrias-1

Tension Strength and Modulus

@ Room Temperature

Crozshead Spaed: 0.05 m'min

Tast Frame: H
Technirian: Nunez

TAxial Smain @ Ult = ultmate tensile smength / chord modulos
“Ultimate Tensile Stwength = ultinate load | (ave width x ave thickness)

tiChord Modulus = dalts stress / delta strain
I Mpduhus calculated berween 1000 & 3000 us

Intec Global Energy Average Average Ultimate *UltimateTensile Axial Strain tiChord Test | Relative Test Failure Location
m Panel IDv Width Thickness Load Strenzth a Ul Modulus | Temp | Humidity Diate &
fim) i) {raps) (ki) el {Mxd) Comments
21%6-0102 0999 0.088 2569 908 12047 1944 TI°F 17282004 Explosive fatlure in gage section
2196-0103 0.000 0.087 23.68 LT 14,344 18.84 T1°F 17282004 Explosive fatlure in gage section
2196-0104 Papel 3 0.000 0.0B7 2487 2874 14,481 19.85 T1°F 172872004 Explosive failure in zage section
2196-0105 1.000 0.089 24.54 2771 14,833 18.68 T1°F 172872004 Explosive failure in zage section
2196-0106 1.000 0.080 26.15 290.9 15,302 19.01 T1°F 12872004 Explosive fatlure in zage section
Average: 1336 14,731 1919
Standard Deviation: 57 382 0.46
COv: 3.1% 1% 2.4%

Integratad Techuologies Inc certifies the above testing was completed m accordance with the listed specification

tAxial stram (@ ulinnate 15 calonlated dus to the extensmmeter shifing just prior to failure

Note: “Panel 3" in this report corresponds to GEC Panel ID 013X.
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Fepon Mimaber: 2194-F.04

Test Specification: ASTM D3410-03 ModiSed

Purchaze Qrder: Sandrias-1

Compression Strength and Modulus
0.75 Inch Gage Section

T*:Banding @ 2000u= = ((sTain gag2 1 - stmin gage )

Crosshead Speed: 0,05 in'min
Test Frame: H
Techmician: MeClonnell

*Compression Strengh =ultmess load | (ave width x ave ticknass)
smain gage |+ smam gage 2 x 100%
bord Modulus = delta siress / de

Ihvpdilus caloulaned berween 1000 8 3000 e
TTCalculaned Axdal Smain @ Ult= compression sirength | chord modulus

Intec Global Energy Average Average Ultimate | *Compression % Bending IChord Amial Siram @ ULt Test | Felative Test Failure Location
m Panel ID Width Thickmess Load Strengih o 2000pe Modulus | Measured | +iCalculated | Temp | BEumidity Date &
{in) (i) {Kins) (i %) (M) f el fue ) Comments
0.750 0085 113 1000 L4 1771 5787 5,650 1°F 35% Compressive failure in gage section
0.750 0083 5.83 B35 MNA 16.81 6,021 5,681 1°F 35% Compreszive failure in section
Panel 3 0.750 008 595 a2 MNA 15.98 6,582 5,153 1°F 35% Compreszive failure in section
0.750 0083 118 1018 MNA 15.70 7318 5,483 1°F 35% Compressive failure in gage section
0.750 008 118 1015 NA 16.07 1267 5,318 1°F 35% Compressive failure in zage section
Average: (X 16.45 [ 6,058
Standard Deviation- 16 0.81 [ 377
Cov: 26% 4.8% 10.46% 5.1%

Inzzrated Technologies Inc cernfies the above tstng was cormletad in accordance writh the Haed specification

Notes: “Panel 3" in this report corresponds to GEC Panel ID 013X.
Compressive measurements from these ASTM 3410 tests used, but strength data reported from ASTM D695 tests.




Compression Strength
Modified ASTM D695

Rapor: Wunber: Z196-R.08
Test Specificedon: ASTM DéF 307 Modified
Purchece Order: Sandma -1

Crossbead Spesd

Tkt Frama:
Techmician:

11T Axizl Stradn (& Ult for Panal 4 calcunlated from 0.5 Gage Section Noaninal Modote
11 Axdal Stram & Ule for Pansl 3 caloulated froo: 0.7 Gage Sscitton Nonzxinal ModuTas:

: 0.0F in‘=in
H
Mostzrap

14.6 Mxi
16.5 Mt

*Compracsion Stengrs = nltimate koad / (zve width x ae thickneac)

TTAxial Strain @ U ompression sengts / zomizal chord medulus

Imiec zlobal Emergy Average Average Ulttmare *Compreszion TTAzial Srrain Text | Feladve Texst Failure Location
ID Panel I Width Thickmes: Load Strengch ar Ult Temp | Humidity Diate &
fin} fim) {dips) (e VL Commenis
2196-0401 0302 0,108 915 1750 12,18 T4F 135 40502004 Ezd failurs
2196-0402 0302 0.113 10.21 175.4 12,257 74T 3% 40502004 End failurs
11960403 0502 0.114 9.03 1582 10,506 TI°F 18% syapng | Beessing suge / Throngh
Panal 4 5470142 ickasss at a2
Brcomi Throagh
T196-0404 0502 0115 g3 164.6 11,241 TE | 3% £7/3004 Frosniog g [ g
ticknecs af e
T196-0403 0301 0117 540 143.7 3,314 TI°F 15% 4702004 Broomizg gage
1196-0408 0.502 0114 904 157.7 10,772 F 15% 47004 | Breoming s /Through
ticknecs at so
Average: 1837 11,154
Srandard Deviation: 138 940
cov: B.4% E
2196-0501 0302 0.087 727 167.2 10,164 I°F 473 9112004 | Dslaminesion | sod Silue
2196-0502 0501 0.08% 783 170.3 10,355 TI"F 475 S112004 | Delemization / faikars i b
T196-0303 0301 0.08% 777 175.1 10,644 T3F 475 5112004 | Compewssive failure 2t b
Paz=al 3
2196-0504 0302 0.080 2185 1830 11,177 I°F 473 9112004 | Compmessive filurs 22 tab
2196-0505 0202 0.08% 728 10,355 TI°F 47 2112004 | Compmessive filurs 22 tab
21960304 0.502 0.08% 731 1651 10,038 wE |4t | s :""“"_'f.:;:; o
Average: 1720 10,457
Srandard Deviation: [ 408
Cov: 5% 305

Inegrated Technologies Inc. cantifies the 2bove testing was complited in acoordizcs with the listed spacification.

Note: “Panel 3" in this report corresponds to GEC Panel ID 013X.




Resin Digestion

Report Mumber: 2196-R0Z Rev A Fiber Deensity {gfoc): 1.790
Purchase Order: Sandia3-1 Resin Density (gfoc): 1212
Specification: ASTM D3 171-9%D2734-94 Test Technician: Jamie Wavra
Hotplate: H,S0,/H.0, Test Data: 222004
Tempe-ature (“C): 22.0
Fiber Valume & Yoid Content
Specimen Global Energy Water Specific Dy Wet Specimen Fiber Resin Void
1}] Panel 1Dy Density Gravity Weight Weight Density Volume Y olume Volume*
iglec) g (g} (g/ec) (%) (%) (%)
2196-R1 D.9978 1527 0.504 0.174 1523 56 43 1
2190-R2 SN5-0134 (Panel 3) 09978 1527 0504 174 1.513 50 42 L3
21K 3 09978 1530 0508 0.175 1.516 3G 43 0.3
Average: 0.505 0.174 1.524 5 43 1.0
Standard Deviation: 0.0 0001 0.002 0 1 0.3
COV: 0.2% (4% 0.1% (6% 1.3%

Note: A value for "Voiud Volume™ which is les: tham zere may be considered equal 1o 2ero due 10 the
precision of reporting the densities of thz fibers and resin.

Imegrated Technologes Inc. certifies the above “esting was completsd in accordance with the listzd specification.
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Tg by TMA

Report Number: 2196-R01 Test Technician: Jeanette Francis
Purchase Order: Sandras-1 Test Date: 172872004

(:lass Transition Temperature (TMA by Flexure)

intec Global Energy Specimen Specimen Specimen | Support Static Ramp
D Panel 1D Height Width Depth Span Force Rate Tg
() {mm) {mim} {mm) {mN) {(“Cimin) (°C)
2196-Tel Panel 3 0.57 20.27 2.37 15 300 3 104

Gilass transition iemperature is determined from the deflection-temperatuse curve by the
method of intersecting tangents.

Note: “Panel 3" in this report corresponds to GEC Panel ID 013X.
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Tension Strength and Modulus (@ Room Temperature
Panel SN5-0144

Feport Mumber: 2196-F.09 Crosshead Speed: 0.05 inin
Test Spacification: ASTM D3030-00 Test Frame: B
Purchase Order: Sandia$-1 Technician: McConnell
tCalowlated Asxial Strain @ Ult = ultimate tepsile srangth / chord modulus
*Thimate Tensile Sreugth = wltimate lead / (ave width x ave thickness)
ZzChord Modulus = Az / As
11 Modulus caloulsted betyesn 1000 & 3000 us
Inrec Global Energy Average Average Ultimate *Ultimate Tensile Calculated Axial 1zChord Test | Relative Test Failure Location
ID Panel ITx Width Thiclmess Load Strength Strain ) Ul Modulus | Temp | Humidity Date &
i) i) (Kips) (ki) (e} (Msi) Comments
I196-0801 1.001 0.113 132 14,343 .2 G0°F 474 92120 Tensile failure in gage section
I196-0802 1.001 0.111 256 16,537 3.5 G9°F 474 92120 Tensile failure in gage section
I196-0803 Panel 4 SN5-0144 1.001 0.115 248 15,863 5. G0°F 474 92120 Tensile failure in gage section
1196-0804 : 1.001 0.113 245 16,397 15.0 59°F 474 92120 Tensile failure in gage section
1196-0805 1.001 0.114 24 14,129 158 G0°F 474 92120 Tensile failure in gage section
2196-0806 1.001 0.114 238 14,716 16.2 G9°F 474 L0 Tensile failure in gage section
Average: 240 15,331 157
Standard Deviation: 12 1,063 03
COV: 4.0% 5.0% 210%

Imtegrated Technologtes Inc. certifies the shove testing was completed in accordance with the listed specification

Mo mezsurad soain is avatlable (@ ultimate.
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Eeport Number: 2196-R.08
Test Specification: ASTM D695-02
Purchase Order: Sandia3-1

Compression Modulus

ASTM D695

Crosshead Speed: 0.03 in‘min
Test Frame: I
Technician: Onoratt

{Chord Modulus = Ag / Az
Ihiodulus calculated betwesn 1000 & 3000 we

Intec Global Energ}' Average Average |Maximum| IChord Test | Relative Test Failure Location
ID Panel ID Width Thickness Load Modulus | Temp | Humidity Date &
fin) {in) {lips) {Msi) Comments
2196-0701 0.500 0118 3312 15.0 26°F 35% 7/19/2004 No failure, test stopped after 3.500ue
2196-0702 0.499 0114 282 13.9 26°F 35 7/19/2004 No failure, test stopped after 3.500uz
2196-0703 Panel 4 SN3-0142 0.499 0.115 2.89 14.6 26°F 3% 719/2004 No failure, test stopped after 3, 300ue
2196-0704 0.499 0114 3.16 13.3 26°F 3% 719/2004 Mo failure, test stopped after 35000z
2196-0703 0.498 0117 312 147 26°F 3% 7/19/2004 No failure, test stopped after 3. 500ue
Average: 14.7
Standard Deviation: 0.5

COov: 37

Integrated Technologies Inc. certifies the above testing was completed in accordance with the listed specification.




Resin Digestion
Panel SN5-0142

Baport Wumber: 2195-E11 Fiber Density (glec): 1.910
Purchase Order: Sandia3-1 Fazin Density (zlee): 1.212
Specification: ASTRI D3171-99D2734-94 Test Techmictan: Demse Galasso
Hotplate: H.50,H,0. Test Date: 1171172004
Temperamwre (7T 2001
Fiber Volume & Void Content
Specimen {zlobal Energy Water Specific Dy Wet Specimen Fiber Resin Vaid
ID Panel ID Denzity Gravity Weizht Weight Denzity Volume Volume Volume=

(giee) 2 (=) (gec) (%) (%) [%8)

2196-R31 09982 1.595 0.701 0261 1.591 57 42 1.4
2196-R32 SN3-0142 (Panel 4) Non 09982 1.593 0.718 0267 1.589 52 50 -14

Porous Aves

2195-R31 09982 1.602 0.728 0273 1.598 57 42 1.1
Average: 0.716 0.267 1.503 £5 44 0.4

Standard Deviation: 0.013 0,008 0004 3 5 l.&

COV: 1.9%% 2.2% 0.3% 5.6% 0.5%
2195-R35 09982 1.574 0.758 0275 1.570 54 45 13
SNES0142 (P A
2196-R36 SN3-0142 (Panel 4] 0.9982 572 0.759 0.276 1568 53 43 23
Porous Avea

2195-R37 09982 1.563 0.744 0268 1.550 53 45 2.0
Average: 0.753 0.273 1.566 54 + 1.9

Standard Deviation: 0.008 0.005 0,006 1 1 0.5

COV: 1.0% 1.7% 0.4% 1.7% 2.8%

*MWote: A value for "Void Volume" which is less than zero may be considerad equal fo zero dus to the

precision of reporting the densities of the fibers and resin,

Integrated Tachnologies Inc. certifies the above testing was completed m accordancs with the listed specification.
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Tg by TMA
Panel SN5-0142

Report Number: 2]96-R12 Test Technician; Jeanette Francis
Purchase Order: Sandiz5-1 Test Date: | 171272004

Glass Transition Temperature (TMA by Flexure)

intec (labal Energy Specimen Specimen Specimen | Support Static Ramp
in Panel I Height Width Depth Span Force Rate Teg
(it ) {mme) {trti ) {mirt ) (mN) (“C/min) ()
2196-T31 SWN30142 (Panel 4) 044 20016 204 15 OO 5 95

Glass trarsion temperature is delermined from the deflection-temperature curve by the
method o intersecting targents,
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Tension Strength and Modulus @ Room Temperature

Bepornt Mumber: 2340-E01 Crosshead Speed: 0,05 iIn‘min
Test Specification; ASTM D3039-00 Test Frame: B
Purchasa Order: Sandias-4 Technician: McConnell

ICalculated Axial Smain (@ Ul = nlimate tensile smength / chord medubas
*Ultimate Tensile Smength = ultimate load | (ave width & ave thickness)
T1Chord Modulus = Ag / Ax

17 Modulus calenlated batween 1000 & 3000 ue

Insec Clobal Energy Average Average Ultimate | *UltimateTensile ICalculated Axial IIChord | Test | Relative Test Failure Location
I Panel ID Width Thiclmess Load Strength Stram w Tt Modulus | Temp | Humidity Diate &
{in) {in) (kips) (Esid fue) (M5 Comments
1340-0301 0.008 0.103 1004 184 17314 164 I°F 5f% Q222004 Combined explosive and angled fatlure
1340-0302 0.000 120 183 17,010 16.6 °F 5b% Q222004 Combined explosive and angled fatlure
1340-0303 SN5-0162 (PID T184) L.00d0 3018 186 164 °F 5b% Q222004 Combined explosive and angled fatlure
1340-0304 0.8989 1874 174 158 1°F 5f% Q222004 Combined explosive and angled fazhare
1340-0305 0.989 3026 287 L6.6 11°F 5% Q222004 Combined explosive and angled fatlure
Average: 33 16.4
Standard Deviation: 5 0.4
Cov: 1.9% 1%
13400801 1001 0.113 1544 125 14,183 T3°F 43% Cambingd explosive and angled fatlure
1340-0802 L.oog 2118 1523 112 13,579 T3°F 43%% Combined explosive and angled fazhare
1340-0803 SME-0182 (7449 Zobec) L.oog 0123 1318 18% 12,408 T3°F 43%% Combined explosive and angled fazhare
13400804 L.00d 2126 1467 La6 12,930 T3°F 435 Combined explosive and angled fallure
1340-0805 1.0 0128 14.73 183 1 13°F 43%% Combined explosive and angled fatlure
Average: 203
Standard Deviation: 13
Cov: T4k 55% L.o%

Intzgrated Technologies Inc. certfles the above testing was complessd in accordance with the listed specification.
10 measured strain s available & ultimate
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Eeport Number: 2340-E07
Test Specification: ASTM D§93-02
Purchase Order: Sandia3-4

Compression Modulus

ASTM D695

Crosshead Speed: 0,05 m'min

Test Frame: B

Technician: Chu

TChord Modulus = A

A
ok

IModulus calculated between 1000 & 3000 ps

Intec Global Energy Average Average |Maximum| IChord Test | Relative Test Failure Location
ID Panel ID Width Thickness Load Modulus | Temp | Humidity Date &
fin) {in) {kips) (M) Comments
2340-0321 0.499 0.106 303 152 T3°F 2% 92872004 No failure, test stopped after 3,500us
2340-0322 SIN3-0162 (PID 7194) 0.300 0.107 316 16.0 T3°F 2% 9/28/2004 No failure, test stopped after 3.300us
2340-0323 0.499 0.106 326 169 T3°F 2% 9/28/2004 No fallure, test stopped after 3.500us
Average: 16.0
Standard Deviation: 0.8
Cov:  5l1%
2340-0821 0.501 0127 3.36 14.0 T3°F 2% 9/28/2004 No falure, test stopped after 3.500us
2340-0822 SN5-0182 (7449 Zoltec) 0.301 0.127 iR 140 T3F 2% 9/28/2004 No failure, test stopped after 3,500z
2340-0823 0.5301 0122 333 139 T¥°F 2% 9/28/2004 No fatlure, test stopped after 3,500us
Average: 13.9

Standard Deviation: 0l

cowv:

0.6%

Integrated Technelogies Inc. cerfifies the above testing was completed mn accordance with the listed specification.




Resin Digestion
Panel SN5-0162

Report Number: 240-R05 Fiber Densaty (ploc): 1390
Purchase Order: SandiaS-4 Resin Densaty (gicc)y: 1.212
Specification: ASTN D31 -99 N2 T34.08 Tesa Techmician: Denie Galasso
Hotplate: HS0,H, 0, Tes Date: 1001 22004
Tewperatere (°Cp: 214
Fiber Volume & Void Content
Specimnen Global Znergy Waker Specific D Wel Specimen Fiber Resin Void
I Pand T Diensity Gravity Weight Weighi Density Valume Volume Wolumee®
lgim) 11 L] [fulad (%) (%) (%]
21340-R31 0990 Lals 0.Tig 0288 161 L] 30 LI
2340-R3Z 09980 1.592 0,743 .276 |.568 59 2 2.0
2340-R35 SME-0L62 0,990 1.600 0737 0.27h 1596 58 41 1.0}
J340-R36 0,990 1617 0,753 0287 L6132 58 42 -0.6
2520-R37 0,950 1.592 0.73% 0.275 1588 37 42 1A
Average: 0746 .28 1.599 L 41 0.8
Standard Deviation: 0.009 007 001z 1 1 0.9
COV: .25 24% (.85 1.7% 365

*Motes A vabue for “Void Yolune” which is less than zero may he considersd equal 1o zemo dug (o the

precision of eporting the densities of the fibers and resin.

Integraied Technologes Inc. cerifies the above testing was comp eted in acoordance with the listed specification.




Resin Digestion
Panel SN5-0182

Keport Number: 2340-R0G Fiber Dersity (g/cc): 1.910
Purchuze Order: 3andias-d Resin Dersity (gfccr 1.212
Specification: ASTM D3 171-990D2734-94 Test Technician: Denise Galasso
Hotplate: H,50,/H-O, Test Date: W2272004
Temperature (“C): 20,0
Fiber Volume & Void Content
Specimen Glohal Energy Water Specific Dry Wet Specimen Fiber Resin Woid
I Panel 1D Density Gravity Weigat Weight Density Volume Volume Volome®*
(glec) (g) (g) iglec) (%) (%) (%)
2340-RE1 09982 1575 0744 1.271 1.571 i3 46 0o
2340-R82 Sh3-0182 09982 1565 0.75} 2271 1.561 50 49 0.2
2340-HE3 0.99%2 1570 0.760 2.276 1566 33 46 1.1
Average: 0.752 0.273 1.5¢6 52 47 .8
Standard Ceviation:  0.003 0.003 0005 1 2 0.5
COV: 1.1% (155 0.3% 2 8% 4.0

“Mote: A value for "Void Velume™ which 15 less than zero may be considered equal © rero due o the

precision of reporting the densities of the fibers and resin,

Intcgrated Technologies Inc. certifies the above esting was completed in accordance with the listed specification.




Tg by TMA

Test Technician: Jeanette Francis

Test Date: 9/23/2004

Report Numrber: 2340-R03
Purchase Order, SandiaS-4
Test Specificaion: 299-947-299 Method 509.1 Modilied

Glass Transition Temperature [ TMA by Flexure)

intec Global Energy Specimen Specimen Specimen | Support Statie Ramp
1D Panel [D Height Width Depth Span Force Rate Tg
(mm) (mm) (mm) {mm) (mN) (“C/min) (°C)
2340-T31 SN5-0162 041 19.66 1.64 13 900 5 105
2340-T81 SN5-0182 042 20.33 3.28 15 Q00 5 (01

Glass transition temperature is determined from the deflection-temperature curve by the
method of intersecling tangents.
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Compression Strength @ Room Temperature

Feport WMumber: 2413-E01 Crosshead Speed: 0,05 in'mm
Test Specification: ASTM D655-02 Modified Test Frame: B
Purchase Order: Sandia3-% Technician: Hansen

*Compression Strength = ultmate lead / (ave width x ave thickness)

Inrec Global Energy Average Average Ultimate *Compreszion Test | Eelative Test Failure Location
ID Panel ID Width Thickness Load Strength Temp | Humidity Date &
(i) fin) (kps) s37] Comments
2418-0201 0.5301 0.136 10.54 1544 &7°F 33% 1752004 Broonung failure in zage section
2418-0204 0.501 0.136 10.06 147.9 &7°F 1% 17572004 Brooming failure in zage saction
2418-0205 5N5-2141B 0.501 0.135 10.14 1408 67°F 1% 17572004 Brooming failure in zage section
2418-0206 0.501 0.133 273 1457 &7°F 33% 1752004 Brooming failure in zage section
2418-0208 0.500 0.129 994 154.1 &7°F 33% /52004 Brooming failure in zage section
Average: 150.4
Standard Deviation: 3B
Cov: 15%
2418-0301 0.301 0.120 10.68 176.8 &7°F 33% 17572004 Broomung failure in zage section
2418-0302 0.502 0.120 11.04 1832 &7°F 33% 1752004 Broomung failure in zage section
2418-0308 5M5-2111 0.5301 0.120 10.66 177.3 &7°F 33% 1752004 Broonung failure in zage section
2418-0310 0.501 0.117 10.69 1826 &7°F 331% 17572004 Brooming failure in zage saction
2418-0311 0.501 0.116 10.55 181.5 &7°F 33% 1/572004 Long splitting failure from gage to end
Average: 180.3
Standard Deviation: 30
Cov: 1.7%

Integrated Technologies Inc. certifias the above testing was completed in accordance with the listed specification.
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Repor: Number: 2418-F02
Test Specification: ASTM DEI5-02
Purchase Order: Sandia3-9

Compression Modulus @ Room Temperature

Crosshead Speed: 0.05 in‘min
Test Frame: B
Techmician: Hanson

TChord Modulus = Ao

A
i A

IMedulus caleulated betwesn 1000 & 3000 JE

Intee Global Energy Average Average [Maximum| IChord Test | Relative Test Failure Location
ID Panel ID Width Thiclkmness Load Modulus | Temp | Humidity Date &
fin) i) {kips) {Ms1) Comments
2418-0221 0.502 0.127 3.5 15.2 GE°F 27% Mo failure, test stopped after 3,500ps
2418-0222 0.502 0.128 KR 15.2 68°F 1% No fatlure, test stopped after 3,500ps
2418-0223 EN3-2141B 0.502 0.128 334 151 GE8°F 2T Mo failure, test stopped after 3,500ps
241280224 0.502 0122 3335 150 62°F 7% No failure, test stopped after 3 300ps
2418-0225 0.502 0127 3.33 15.2 G68°F 27% No fathure, test stopped affer 3.500pz
Average: 151
Standard Deviation: 0.1
COV: (4%
2418-0321 0.502 0.127 3.00 16.4 68°F 1% No failure, test stopped after 3,500ps
2418-0322 0.502 0.127 297 16.6 68°F 1% No fatlure, test stopped after 3,500ps
2418-0323 SK3-2111 0.502 0.127 318 158 68°F 1% No fatlure, test stopped after 3.500us
2418-0324 0.502 0.127 329 154 68°F 1% No fatlure, test stopped after 3,500ps
2418-0325 0.302 0.126 343 155 a8°F 27% No failure, test stopped after 3. 300pz
Average: 16.0
Standard Deviation: 0.3
COV:  33%

Integrated Technologies Inc. cernifies the above testing was completed i accordance with the listed specification.




Report Number:
Purchase Order:
Specification:

Hotplate:

241 8-R0O5
sandias-9
ASTM D371 TI27T34-94
H.50/H.0,

Fiber Volume & ¥Yoid Content

Resin Digestion
Panel SN5-02111

Fiber Density {gloch: 1950

Fesin Density {glecy: 1.212

Test Techmeolan: Demse Galasso
Test Date: 1/11/2005

Temperature (°C): 20,0

Specimen Clobal Energy Water Specific Dry Wet Specimen Fiber Fesin Void
I Panel [D Density Gravity Weight Weight Density Volume Volume Volume*
(g/cc) (g 4] (g/ec) (%) ) (%)
2418-R31 (.82 [.594 0,725 0270 1.590 54 44 1.8
J48-R32 SMA-02111 R 1o 0,719 0273 1.596 >4 40 (A
T418-R33 09982 I.597 0.7 0270 1.593 54 44 1.5
Average: .70 271 1.593 54 45 1.4
Standard Deviation: 0003 (1002 0003 If} | 0.4
COV: 0.4% (.65 0.25 0.7% 1.9%

Wote: A value for "Void Volume™ which is less than zero may be considered equal o zero due to the

precision of reporting the densities of the fibers and resin,

Inregrated Technologies Inc. certifies the above testing was completed in accordance with the listed specilication.
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Resin Digestion
Panel SN5-02141B

Report Number 2418-R04 Fiber Densiny (gloc) 1.930
Furchase Chder: Sandiad - Restn Density (ghock 1.212
Specification: ASTM D3E1T1-00/ D373 40 Test Technician: Dieniss: Galasso
Hotplone: H.S0,H-O, Test Dares 101 12085

Temperature (“C): 2000

Fiber Violwme & Yoid Conteni

Sppecimen CGlobal Energy Wates Specific [y Wel Specimen Fiber Hesin Vaid
I Fanel ID Density Goravity Weight Welght Density Volame Volume Volume*
(@lcc) (g) g i) %) 1% 1%
41E-R21 (1.908 2 1.544 K15 0287 1.540 48 A0 1.6
2408-R22 SNE02141B Good Aree 0,995 1530 0. 744 0,279 1,533 40 49 22
M4IE-R22 0.998; 1.541 (LELT 0,254 1.537 47 32 1.1
Averuge: LRI 0283 1.537 a8 E1]] 1.6
Stamabard Dheviation: R 0,004 0,003 | | 0.
COV: 115 4% 0.2% 1.8% 2.9%
J418-R2% 0. g 2 1.554 l 745 0. 2l 1 551 ‘ L1 47 ey |
i . 1
2418-R2G SNS021418 Bad Ares' 0.0 2 1 549 | 4750 0. 2% 1.545 i 50 48 Ll
JAEE-R2T 0, bR 2 1.531 §775 0.268 1.527 I 47 il 1.9
Average: 0.760 268 1.541 49 EL Ll
Standard Deviation: XTI 0z Blz 2 3 i
Uy 1.95; 0.6% 0.8% 185 4. 1%

Fhot A value for “Voud Yolume™ whach 15 less than zero may be considered equal 10 2200 due 1o the
precissm of reporang the densitics of the fibers and resim.
leprated Technologies Ine. ceriafies the above sesling was completed in accordanee with the listed specification.
"See amae wd sheet for spegimen locanon
Note: “Good Area” and “Bad Area” refer to regions of lower and higher porosity per C-Scan inspection (see next page).
Strength and modulus data reported were taken from low-porosity (“Good”) area of panel SN5-02141B.



16.508

SME-2141B 30 dB

241 8-20008 khackwall. 2 dB scale.

12.38

8.250

4.125

2418-R25 thru R28 from here

! ) ) 241820880 .CS5A
2415-R21 thrs R24 from here
deciBels
_82 15
14
—A4
13
—BG
12
—a8
11
—-18 10
-12 9
-14 8
-16 2
-18 6
—Z8 5
-2 4
—24 3
—Z2b 2
—-28 1
-3 8
5,250 ! 1z.38 i6.58 Sonix Inc
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Tg by TMA

Report Number: 2418-R03
Purchase Order: Sandia35-9
Test Specification: 299-947-299 Method 509.1 Modified

Test Technician: Jeanette Francis
Test Date: 12/31/2004

Glass Transition Temperature (TMA by Flexure)

intec Global Energy Specimen Specimen Specimen | Support Static Ramp
[1}] Panel ID Height Width Depth Span Force Rate Tg
(mm) (mm) (mm) (mm) (mN) (°Clmin) (°C)
2418-T21 SN5-2141B 0.49 19.78 3.21 15 700 5 108
2418-T31 SN3-2111 .50 21.00 299 15 200 5 104

Glass transition temperature is determined from the deflection-temperature curve by the
me:thod of intersecting tangents.

D-21



Tension Strength and Modulus @ Room Temperature

Report Mumber: 2442-F01 Crosshead Speed: 0.05 in'min
Test Specificatton: ASTM DE030-00 Test Frama: B
Purchasze Order: Sandia5-13 Techmician: Layne
Extensometer- 30070
*Ultimate Tensile Strength = ultimate load / {awe widh % ave thickness)
ZICherd Modulus = Ac 7 Az
17 Modulus caloulated berween 100D J 3000 pe
Invec Clobal Energy | Average| Average |Ultimate| *UltimateTensile | Axial Strain | ICalculated Axial |Load | Strain [ Load | Strain | JZChord | Test | Relative Test Failure Location
D Pamel ID Width | Thickmess | Load Strength ) TUlt Strain a0 Ult w1l w1 w2 w @ | Moduelus | Temp | Humidity Drate &
fin) {in) (Eips) (ki) { sse) () (Bs) | (aeed | (1Bs) | (peed | (M) Comments
1.003 0116 26.76 1305 14,560 16,051 1.595( 1004 | 4923 3,000 124 41572003 Lateral at Tab
L1.003 0118 1731 1314 13,410 14,691 E 15.8 41572003 Lateral at Tab **
SNS-0311 L1.003 0118 27.03 naz 12,620 15,188 151 41572003 Lateral at Tab
T L1.003 n11s 26.33 nis 13,920 15,147 144 415 Lateral at Tab
L1.003 0118 2681 &3 154887 15,488 124 4113 Lateral at Tab
1.003 0117 26.64 &2 13,340 14,583 15.5 41 Lateral at Tab
Average: 127, 13,570 15313 150
Standard Deviation: 35 T3 301 0.4
Cov: 1.6% 33% £ 1.7

Integrated Technologies Inc cartifies the above testing was completed it accardance with the listed specificaton.
+ Proviced calculated value due o extensometer slppage. Calculated Ulimate Axial Siraln = (Uimate Tenslie Srength / Chord kodulus) * 1000, Mot Included In statlslcs calculations
*" Specimen loaded once to 20 Kip, unloaded, and retested fo Tallure.
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Compression Strength (@ Room Temperature

BRepont Number: 24462-R01 Crosshead S3pead: 0.0 in'min
Test Specification: ASTM DE93-02 Modifiad Test Frama: L
Parchase Order: Sandiaj-13 Technician® MeConnall

Adhesove: FM300-2

*Compression Strength = ultimate load / {ave width x ave thickness)

Intec Global Energy Average Average Ultimate | Fizture *Compression TtAxial Strain Test | Relative Test Failure Location
D Panel ID Width Thickness Load Torque Strength w Ut Temp | Humidity Diate &
{in) fim) (kipsd (in-lhz) {%si) {ee) Comments
0.501 0.117 10e3 12 186.0 13,37 6% 412872003 Lateral failure inzide mb. (unacceptable) T
0.501 0118 11.05 35 186.9 L3447 6% 412872003 Brooming failure in gage saction
©30311 0.502 0,118 1111 35 1883 13,547 6% 4382003 Broomin, re in gage section
) ) 0.501 0,118 11.60 4 1944 13,082 6% 4382003 Brooming failure in gage section
0.501 0118 12.20 40 044 1 36% 412872003 Lateral failure inside b, (unacceptable) T
0.502 0.115 1141 35 2158 6% 41282003 End failure (unacceptable) 7
Average: 1157 196.0
Standard Deviation: 0.62 114
Cov:  33% 6.1%

Integrated Technologies Inc certifies the above testing was completed in accerdance with the listed specification

+ Though these fallure mogdes are unacceptable according fo Te spec, the very high laads produced by the [aminate are notwel sulied fo the test type.
Data shouls be consloered & “minimum stengin® for these specimens. All specimens are Included In the slatistics

+t Sirain calculations were perfarmed using the average chord modulus calculated curng the DE2S Compression modulus iesting
#Auxial sirain = Compressian Sirengeh ¢ Chord Mooulus
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Report Mumber: 2462-E01
Test Spectficaton: ASTM DED5-02
Purchase Order: Sandia3-13

Compression Modulus
ASTM D695

These are optonal

Crosshead Speed: 0.05 in'nun

Test Frame: H

Techmician: MeConnell

Eherd Modulus = AT/ Az

Elodulus caleulated between 1000 &000  us
Intee Global Enersy | Average| Awerage | Maximuom [Load | Strain |Load | Strain | IChord | Test | Relative Test Comments*®
D Panel ID Width | Thickness | Load® w'l a1 w2 a 2 | Modulus | Temp | Humidity Date
{im) {im) {kips) {Ths) | TuE) | M) | ¢ i28) {Msz)
2462-0013 0.502 0.117 298 935 9a0 [2,549] 2994 13.7 T0°F 40% 471872005 Mo failure, test stopped after 3,500us
2462-0014 0.503 0.118 3.05 975 | 1,000 |2.640| 3,010 14.0 T0°F 40% 471872005 Mo failure, test stopped after 3,500us
2462-0015 5N3-0311 0.503 0.118 3.02 985 995 [2,607] 2,999 13.6 TO°F 40% 4182005 Mo failure, test stopped after 3,500us
2462-0016 0.503 0.118 306 1,023 1,016 2,654 | 2,988 13.9 T0°F 40% 47182005 Mo failure, test stopped after 3, 500us
2462-0017 0.503 0.119 3.13 953 909 (2716 3007 14.3 T0°F 40% 47182005 Mo failure, test stopped after 3, 500us
Average: 139
Standard Deviation: 03
cov: 1.9%

Integrated Technologies Inc. certifies the above testing was complated m accordance with the histed specification.

D-24




Resin Digestion
Panel 2262004A
Feport Number: 2462-E01
Purchase Order: Sandia$-13
Specification: ASTM D3171-99
Hotplate: H,50,H,0,

Fiber Volume & Void Content

TFiber Density (glec): 1.910
1Fesm Density (glee): 1250
Tast Technician: Demiza Galasso
Test Date: 4182005
Temperaturs ("C): 20.0

Specimen CGlobal Energy Water Specific Dry Wet Specimen Fiber Besin Voud
D Panel ID Density Gravity Weizht Weizht Denzity Volume Volume Volume*

(g'ec) (=) (2] (gec) (%) i) (o)

2452-0019 09952 1.589 0.7503 0.2778 1.585 53 45 1.0

2452-0020 SN50311 09982 1588 0.7223 0.2671 1584 53 45 1.0

2452-0021 09952 1.576 0.7626 0.2784 1.572 51 47 13

Average: 0.745 0.274 1.551 52 47 1.1

Standard Deviation: 0.021 0.00s 0.007 1 1 02

COV: 2.8% 2.3% 0.5% 1.5% 1.3%

*ota: A value for "Void Veolumme” which 15 less than zero may be considered equal to zero dus fo the
precision of reporiing the densities of the Abers and resin.
Intagrated Technologies Inc certifies the above testing was completed in accordance with the histed specification

Fiber density 15 supplied by Global Energy and 1= assumed to be a weighted average of the glass and carbon fiber densities.

Thiz weighted average assumes a constant glass/carbon fiber ratio.
iFesin density supplied by Global Energy.
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Report Number:
Purchase Order:
Test Specification:

2462-F01
Sandias-13
Tg by TMA

Glass Transition Temperature ( TMA by Flexure)

Tg by TMA

Test Techtucian: Jeanette Francis
Test Date: 4/21/2005

intec Global Energy Specimen Specimen Specimen | Support Static Ramp
ID Panel ID Height Width Depth Span Force Rate Tg
(1) {mmn) {rm) () {mN) (“Cimin) (=C)
2462-0023 SN5-0311 058 20.10 285 15 100 5 134

Glass transition temperature 1s deternmned from the deflection-temperature curve by the
method of mtersecting tangents.
Integrated Technologies Inc certifies the above testing was completed in accordance with the listed specification.
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Fapart Mumber:

2120-F01

Test Specification ASTM D3032-00
Purchase Order: Sandria3-2

Tension Strength and Modulus

@ Room Temperature

Crosshead Speed: 0,05 w'min

TAxial Smain (@ Ult = ultimare rensile smength | chord modulus
*Ultimare Teasile Swangth = ultimate load | (ave width x ave thickness)

tiChord Modulus = delta swess | delta strain
Iz Mpdulus caloulared betwreen 1000 & 3000 us

Test Frame: B

Technician: MNorthrop

Intec Global Energy Average Average Ultimate *UltimateTensile TAxial Strain tiChord Test | Relative Test Failure Location
m Panel IT} Width Thickness Laoad Strenzth a Ul AModulus | Temp | Humidity Diate &
(i) i) (Hips) (Fsi) (e ) (Msi) Comments

2220-0102 0.1735 30.09 1719 14,775 11.43 TEF £ 43002004 Dielamination faitare
2220-0103 0.170 29.90 175.7 13,662 11.22 TEF 3% 4/30:2004 Dielamination faitare
2220-0104 5M5-0221 0.167 3191 1904 14,808 11.33 TEF £ 43002004 Dielamination faitare
2220-0105 0.172 31.08 1309 17,088 10.59 TEF 3% 43002004 Dielamination faitare
2220-0106 0.170 32.41 1898 16,640 11.41 TEF 3% 43002004 Dielamination failare

Average: 131.7 16,195 11.23

Standard Deviation: 83 058 0.3e

Cov: 4 5% 3.9% 35%

Intagrated Technologies Inc. certifies the abowve tasting was complated mn accordance with the listed specification

TAxial straim (@ nlmnate is calonlated due to the extensomerer shifimg just prior to fatlure
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Compression Strength
Modified ASTM D695

Beport Munber: 2220-F.03 Crosshead Spead: 0.05 in‘min
Test Specification: ASTM DES5-02 Modified Test Frame: L
Purchase Order: Sandria5-2 Technician: Cnorati

~Pane]l 5195-0221 compressive chord modulus: 102 =i

*Compression Strength = ulimate load | (ave width x ave thickness)
TriCaloulared Axial Strain g Ultimare = compression smength / (panel 3M3-0221 chord modulus)

Tt Calculated
Iniec Global Energy Average Average Ultimate *Compression Axial Strain Test Eelative Test Failure Location
I Panel ID Width Thickness Load Strength i Ult Temp | Humidity Date &
fin) fin) (Eips) (ksi) (e ) Comments
2210-0201 0.503 0.169 B.77 103.0 10,111 T8°F 40%% 3/28/2004 Broorming failure at tab
2210-0202 0.503 0172 10.03 115.8 11,358 T8°F 40%% 3/28/2004 Brooming failure in gage section
2210-0203 SM5.0271 0.503 0174 10.20 1168 11,473 T8°F 40%% 3/28/2004 Brooming failure in gage section
2220-0204 0.503 0172 9.70 1122 11,015 T8°F 40%% 5/28/2004 Lateral compressive failure in tab
2210-0203 0.502 0174 n.og 1143 11,238 T8°F 40%% 3/28/2004 Brooming failure in gage section
2220-0208 0.504 0.163 0.15 107.8 10,583 T8°F 40%% 5/28/2004 Brooming failurs at tab
Average: 111.7 10965
Standard Deviation: 53 514
COov: 4.8% 4.8%

Integrated Technologiss Inc. certifies the above testing was completed in accordance with the listed specification
~Papel 53175-0221 compressive chord modalns in calculared in Intec report 2220-F04
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Feport Numb

er: 2220-F.04

Test Specification: ASTM D695-02
Purchase Order: Sandria3-2

Compression Modulus
Modified ASTM D695

Crosshead Speed: 0,03 in‘min
Test Frame: L
Technician: Onoratl

*Compression Strength = maximum load / (ave width x ave thickness)
$Chord Modulus = delta stress / delta strain
IMedulus caleulated between 1000 & 3000 ps

Intec Global Energ}' Average Average |Maximum| IChord Test | Relative Test Failure Location
ID Panel ID Width Thickness Load Modulus | Temp | Humidity Date &
fin) {in} {laps) {Msi) Comments
2220-0211 0.304 0.169 229 9.80 TE°F iT% 6/1/2004 No failure, test stopped after 3,500pe
2220-0212 0.304 0.173 ERE 10.09 TE°F 3T% 6/1/2004 No failure, test stopped after 3,500p:
2220-0213 SN5-022 0.504 0170 312 10.33 TE°F iT% 6/1/2004 No failure, test stopped after 3,500p:
2220-0214 0.505 0.169 297 10.08 TE°F iT% 6/1/2004 No failure, test stopped after 3. 300us
2220-0215 0.505 0.170 324 10.62 TE°F 3T% 6/1/2004 No failure, test stopped after 3.500us
Average: 10.19
Standard Deviation: 031
cov: 3.0%

Integrated Technologies Inc. certifies the above testing was completed in accordance with the listed specification.
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Report Number

2220-R0O2 Rev A

Resin Digestion

—————

Fiber Density (gloek: 2,100

Purchase Order: Sandias-2 Resin Densny (glock: 1,159

Specificanon: ASTM [E171-99D2734-94 Test Technician: SaraTesfaye

Hotplate: H-50,H.04 Test Dale: 5/1 172004

Temperature (“C): 26.0
Fiber Volume & Yoid Conlent

Specimen Global Energy Water Specific Drr Wet Specimen Fiber Resin Yeoid
i Panel 1D [ensity Gravity Weight Weight Density Volume: Volume Volyme*

(gfee) (2 () (g/ec) (%) (%) (%)

IR 0.9968 [.688 075 0.308 L6353 56 43 -02

2220-R2 SN5-0221 0.9968 |.688 0757 0309 1633 56 45 =32

2230-R3 09968 1.69] 075 0310 |.GEG 36 45 434

Average; 0757 0309 1.685 56 45 4.3

Siandard Deviation: 0z (001 0,002 0 ] 01
Cov: .35 .45 0.1% 0.0% 0.3%

"Note: A value for “Void Valume™ waich is less than zero may be considered equal 1o zero due (o the

precision of reporting the densities of the fibers and resin,

Integrated Technologies Inc.certifies e above lesting was completed in accordance w th the listed specifization.
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Tg by TMA

Repot Number: 2220.R02 Test Technician: Jeanette Francis
Purchase Order: Sandria5-2 Tes. Date: 2/29/2004

Glass Transition Temperature (TMA by Flexure)

intec Global Energy Specimen Specimen Specimen | Support Statie Ramp
ID Panel ID Height Width Depth Span Force Rate Tg
{rmem) (mm) {nare ) {mim) (mN) (“Ciimin) C)
2220-T1 SN50221 0,56 20.12 4.35 15 T 3 (it

Glass transition temperature is determinzd fromthe deflection-lemperature curve by the
method of intersecting tangents.
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Feport Mumbser:

Test Specificatio

Purchase Crdar:
Extensoimeter:

2490-R01

n: ASTM D3039-00
Sandia 5-13
20079

ASTM D3039

Tension Strength and Modulus @ Room Temperature

Crosshead Speed: 0,05 inmm

Test Frame: L

Technician: Layne

Inrec Global Energy | Average| Average | Ultimate | *UltimateTensile | ZCalculated Axial | Load | Strain | Load | Sorain [ £2Chord | Test | Relative Test Failure Location
ID FPanel ID Width | Thiclmness Load Strength Strain w Ult a1 a1 i 2 a I | Modulus | Temp | Humidity Date &
fin} fin) (Esi) (sl bo| (aes) | qibsp | (usd (Mi) Comments

2480-2001 1.002 0.169 163.8 14,060 1,002 | 5,985 | 3,003 11.7 T5°F 404 51272005 Splintering Fatlure
2400-2002 1.001 0.166 168.8 14,742 1,003 | 5,806 | 3,000 11.5 T5°F 0% 51272005 Splintering Fatlure
2480-2003 2171E 1.002 0.169 164.5 13,580 1,002 | 6,163 | 3,000 12.1 T5°F 404 51272005 Splintering Fatlure
2480-2004 1.002 0.168 165.7 13,604 2, Q%8 | 6,132 3,002 212 T5°F 404 51272005 Splintering Fatlure
2480-2003 1.002 0163 165.2 13,571 1998 | 1,003 | 6,014 | 3,000 212 T5°F 404 51272005 Splintering Fatlure
2480-2008 1.00 0.168 162.8 13, 1991 ] 1,002 | 6,080 ) 3.000 2.2 T5°F 404 51272005 Splintering Fatlure

Average: 1653 13,821 12.0

Standard Deviation: 14 507 0.3
COV: 1.5% 3.7% 2.5%

Integrated Technologies Inc cermifies the above testing was completed in accordance with the listed specification
*Ulmimate Tensile Strength = ulimare load |/ (ave width x ave thickness)
=% Specimen loaded once to 20 kip, inloaded, and retested o faihire.

z Caloulated Axial Stramm () Ult = Ult Tensile Strength / Chord Moduas * 1000
2iChord Modulus = Ag [ As

1 Mopdnlus calonlated berween 1000 & 3000 us

Note: Intec report references the TPIl-assigned panel number “02171B.” Corresponding GEC I.D. is 026X.
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Rapont Mumber: 2490-R01
Tast Specification: ASTM D93-02 Modified

Compression Strength

Crosshead Spead: 003 in'min

Test Frams: B
Technician

Munaz

Purchase Order: Sandia 3-15
*Compression Strength = ultimate load / {awe width x ave thickness)
Intes Global Energy Average Average Ultimate | Fizture *Compression *tAxial Strain Test | Relative Test Failare Location
ID Panel ID Width Thickness Load Torgue Strength Temp | Humidity Date &
i} i) {kips) (in-1b3) (%5l Comments
2490-2023 0.498 0.171 4.60 g TIT 4% 5/25/2005 End faihare
24090-2026 0447 0.181 B33 g o1er 4% 5/25/2005 End faihare
2400-2027 W1TE 0.495 0.178 10.2 35 L15 4% 51252005 Broom falure in the gage saction
2490-2028 o 0497 0178 10.7 35 120 4% 5/25/2005 Horizomtal failure in the @hs
2200-2028 0447 0.177 11.1 35 124 4% 51252003 Broom falure in the gage saction
2490-2030 0.499 0.176 9.1 35 105 4% 5/25/2005 Horizontal failure at the tabs
Average: 034 117
Standard Deviation: 1.67 ol
COV:  179% 7.8%

Intezrated Technologies Inc certifies the above testing was completed in accordance with the listed specification

T Values notincluded in Average, Stan. Dev, or COV calculations.
77 Swaim caleulations were performed wsing the average chord modulus calculated during the DE2S Compression modulus testing.

Axial strain = Compression Strangth | Chord Modules
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Compression Modulus

Feport MNumber: 2400-E01 Crosshead Speed: 0.05 in'oin
Test Spectfication: ASTR DE95-02 Test Frame: B
Purchase Order: Sandia 5-15 Techmician: Lavne

IChord Modulus = Ag / Az
IModulus caleulated betwean 1000 & 3000 uz

Iniec CGlobal Energy | Average| Avwerage | Maximum |Load | Strain [Load | Strain| Chord | Test | Relative Test Comments
ID Panel ID Width | Thickness Load? w1l [ | a2 a 2 | Modulus | Temp | Humidity Date
(i) {in) (kips) {Ths) | (HED | (Thsp | (LE) (M)
2450-2013 0.502 0168 3.55 1,200 1,008 | 3,081 2995 114 T2°F 445% S112005 | Ne falure, test stopped after 3 500us
2450-2014 0.502 0.170 3.77 1,208 995 | 3,288 3,008 12.0 72°F 445% 5112005 | Ne falure, test stopped after 3 500us
2450-2015 021718 0.501 0.170 343 1077 1,002 | 2986 3,003 11.2 T2°F 445% 1072005 | We failure, test stopped after 3,300us
2450-2016 0.502 0168 3.51 1,093 998 | 3,040( 2998 11.7 T2°F 445% S112005 | Ne falure, test stopped after 3 500us
2450-2017 0.501 0172 3.51 1100 1000|3027 ([ 2990 11.2 72°F 45% 51012005 | Ne falure, test stopped after 3 500us
Average: 115
Standard Deviation: 03
COV: 3.0%

Integrated Technologies Inc. certifies the above testing was completad m accordance with the listed specification.
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Resin Digestion

Eeport Mumber: 24%0-E01 TFiber Denaity (g/cc): 212
Purchase Order: Sandia 3-15 {Resin Density (gloc): 1.168
Specification: ASTM D3171-99 Test Technician: Demise Galasso
Hotplate: Ha504H:0, Test Date: 524005
Temperature (°C): 2000
Fiber Volume & Void Content
Specimen Global Energy Water Specific Dry Wet Specimen 04 Resin Fiber Resin Void
I Panel ID Density Gravity Weight Weight Density by Volume Volume Volume*
(glee) (® ® (glec) Weight (%) (%) (%)
2490-2019 0.9682 1.702 07390 03127 1.698 290 57 42 1.0
2490-2020 02171B 09982 1.693 0.7847 03208 1.689 314 53 45 0.0
2490-2022 09982 1.697 0.7549 0.3098 1.693 316 54 47 -11
Average:  0.766 0.314 1.693 30.954 55 45 0.0
Standard Deviation: ~ 0.016 0.006 0.0035 1831 2 3 0
COV: 2.1% 1.8% 0.3% 6.0% 2.9% 3.8% -3464.8%

Integrated Technologies Inc certifies the above testing was completed in accordance with the listed specification.

*Wote: A value for "Veid Velume” which is less than zero may be considerad equal to zete due to the
precision of reporting the densities of the fibers and resin.

TFiber density 15 supplied by Global Energy and 15 assumed to be a weighted average of the glass and carbon fiber densities.
This weighted average assumes a constant glass/carbon fiber ratio.

{Resin density 15 the result from the neat resin density testing performed for this project.
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Report Number:
Purchase Order:
Test Specification:

2490-E01
Sandia 5-15
Tgby TMA

Glass Transition Temperature {TVLA by Flexure)

Tg by TMA

Test Technician: Jeanette Francis
Test Date: 5/12/2005

infec Global Energy Specimen Specimen Specimen | Support Static Famp
D Panel ID Height Width Depth Span Force Rate Tz
{1 (i) {1 {1 {mN) (" Cmnin) {°C)
2490-2023 02171B 049 1982 431 15 50 5 63

Glass transition temperature 1s determined from the deflection-temperature curve by the
method of mtersecting tangents.
Integrated Technologies Inc certifies the above testing was completed in accordance with the listed specification.
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Tension Strength and Modulus @ Room Temperature
Set 2

Eeport Mumber: 2691-R01 Appendix C Crosshead Speed: 0.05 in‘min
Test Specification: ASTM D3039-00 Test Frame: L
GEC Test Plan: GEC-TS025 EevB Technician: MeConnell
Purchase Order: 1081 Test Date: 11/2/2006
Test Temp: 67°F
Extensometer ID: ES0410 Test Relative Hunudity: 38%

TUltimate Tensile Strength = ultimate load / {ave width x ave thickness)
ICalculated Axial Stram (@ Ult = ultimate tensile strength / chord modulus
$1Chord Modulus = Ag /7 Ae

11 Modulus calculated between 1000 & 3000 ps

Intec Global Energy Average Average Ultimate | TUltimate Tensile | ICalculated Axial | IICheord Failure Location
ID Panel ID Width Thickness Load Strength Strain @ Ult Modulus &
{in) {in) {laps) {ksi) { ue) {Ms1) Comments

2601-2001 1.000 0.177 18.4 103.7 13,348 144 Long splitting fatlure
2601-2002 1.001 0.180 18.0 99.3 23,558 423 Long splitting fatlure
2601-2003 1.002 0177 17.9 101.1 22058 439 Long splitting fatlure
2601-2004 1.001 0.179 18.2 101.4 12,648 443 Long splitting fatlure
2691-2005 1.000 0.177 18.1 102.6 22,747 451 Long splitting failure
2691-2006 SN3-0201 1.000 0.173 18.8 107.1 23,608 4354 Long splitting fatlure
2691-2007 1.000 0180 18.7 103.6 23,619 439 Long splitting fatlure
2691-2008 1.001 0.179 18.3 102.0 12,142 4.61 Long splitting fatlure
2691-2009 1.001 0.176 17.9 101.4 22471 451 Long splitting fatlure
2601-2010 1.001 0.176 18.5 104.6 23157 4352 Long splitting fatlure
2601-2011 1.001 0.178 18.3 102.3 23,036 446 Long splitting fatlure

Average: 102.7 12,945 448

Standard Deviation: 20 31 0.10

Cov: 1.9% 2.5% 23%

Integrated Techmnelogies Inc. certifies the above testing was completed in accordance with the listed specification.
IExtensometer was removed just prior to reaching nltimate load. Failure stramn reported is calculated.
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Compression Strength @ Room Temperature

Set 2
Eeport Number: 2691-E01 Appendix D
Test Specification: ASTM D625-02 Modified
GEC Test Plan: GEC-T5025 Rev B
Purchase Order: 1081

Crosshead Speed: 0.05 in/min
Test Frame: L
Technician: MeConnell

Test Date: 11/3/2006
Test Temp: 68°F

{Fixture Torgue: 30 in-lbs Test Relative Humidity: 43%

TUlnmate Comp Strength = ultimate load / (ave width x ave thickness)

Intec Global Energ}' Average Average Ultimate | 7Ultimate C oI Failure Location
ID Panel ID Width Thickness Load Strength &
{in} {in) {kips) {Trs1) Comments
2691-2101 0.501 0.179 9.2 ~102.2 Brooming wside tab. 10 105 of
torgue used on fixture.
2691-2102 0.502 0.182 0.3 104.1 Brooming in gage section
2691-2103 0.501 0.181 09 ~1093 BErooming inside tab
2691-2104 0.502 0.181 10.2 1124 Brooming in gage section
2691-2103 0.502 0177 10.0 ~112.8 BErooming inside tab
2691-2106 SN3-0201 0.502 0.174 9.2 ~105.6 Brooming mside tab
2691-2107 0.501 0.176 g3 994 Brooming in gage section
2691-2108 0.501 0.175 0.3 108.3 Brooming in gage section
2691-2109 0.501 017 27 1134 Brooming in gage section
2691-2110 0.501 0.168 27 115.8 Brooming in gage section
2691-2111 0.501 0.168 0.4 1142 Brooming in gage section
2691-2112 0.501 0.167 03 111.0 Brooming in gage section
Average: 109.9
Standard Deviation: 5.6
Cov: 31%

Intzgrated Technelogies Inc. certifies the above testing was completed in accordance with the listed specification.
~Due to unacceptable failure mode, the strength 1s reported but not included in the group statistics.
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Compression Modulus @ Room Temperature
Set 2

Report Number: 2691-E01 Appendix E Crosshead Speed: 0.05 in/mun
Test Specification: ASTM D695-02 Modified Test Frame: L
GEC Test Plan: GEC-TS025 Rev B Technician: MeConnell
Purchase Order: 1081 Test Date: 11/3/2006
Test Temp: 68°F
Fixture Torgue: 10 in-1bs Test Relative Homudity: 48%

Strain Gage Type: CEA-06-125UN-350

I11Chord Modulus = Ag / Az
11 Modulus caleulated between 1000 & 3000 pe

Intec Global Energy Average Average Ultimate | IIChord Failure Location
ID Panel ID Width Thickness Load Modulus &
in) iin) (kips) (Msi) Comments
2691-2121 0.502 0.179 1.6 5.14 Stopped after reaching 3,500us
2691-2122 0.501 0.183 1.6 479 Stopped after reaching 3,500us
2601-2123 0.502 0.173 1.6 482 Stopped after reaching 3 500us
2691-2124 0.501 0.176 1.5 4 80 Stopped after reaching 3,500us
2691-2125 SN5-0201 0.502 0.174 1.6 400 Stopped after reaching 3,500z
2601-2126 T 0.502 0.177 1.8 549 Stopped after reaching 3,500z
2691-2127 0.502 0.188 1.8 4.08 Stopped after reaching 3,500us
2601-2128 0.501 0.186 1.8 546 Stopped after reaching 3,500us
2691-2129 0.502 0.181 1.7 3.10 Stopped after reaching 3 300u=
2691-2130 0.500 0.178 1.7 496 Stopped after reaching 3 300us
Average: 5.05
Standard Deviation: 0.25

Cov: 50%

Integrated Technologies Inc. certifies the above testing was completed in accordance with the listed specification.
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BEeport Number:
Purchase Order:
Specification:

Hotplate:
GEC Test Plan:

2691-RO1 Appendix G

1081

ASTM D3171-99/D2734-94

H,S04H,0,
GEC-TS025 Rev B

Fiber Volume & Void Content

Resin Digestion

Set 2

Fiber Density (g

Eesin Density (g/cc

Test Technician:
Test Date:

Temperature (°C):

Jezzica Dheter
10/27/2006

21.0

Specimen Global Energy Water Specific Dry Wet Specimen Fiber Resin Void
ID Panel ID Density Gravity Weight Weight Density Volume Volume Volume=

(glcc) (g) (g (glec) (%0} (%) (%)

2691-2141 0.9980 1.930 0.740 0360 1.945 55 46 -1.2

2691-2142 SN5-0201 0.9980 1974 0.767 0378 1.970 57 44 -0.9

2691-2143 0.9980 1.963 0.744 0365 1.958 57 43 -0.3

Average: T 0.368 1.958 6 44 -0.8

Standard Deviation: 0.013 0.009 0.012 1 1 0.5

COV: 2.0% 2.6% 0.6% 1.9% 3.2%

*MNote: A value for "Void Volume" which is less than zere may be considered equal to zero due to the

precision of reporting the densities of the fibers and resin.
Integrated Technologies Inc certifies the above testing was completed in accordance with the listed specification.
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Tg by TMA
Set 2
Report Number: 2691-R01 Appendix F

GEC Test Plan: GEC-TS025 Rev B
Purchase Order: 1081

Test Technician: Jeanette Francis
Test Date: 11/2/2008

Glass Transition Temperature (TMA by Flexure)

infec Global Energy Specimen Specimen Specimen | Support Static Ramp
ID Panel ID Height Width Depth Span Force Rate Tz Tz
() () {mut) {mm) (mN) {“Crmin) (°C) {°F)
2691-2151 SN5-0201 0.55 20.06 434 15 1500 5 104 219

(Glass transition temperature is determined from the deflection-temperature curve by the
method of infersecting tangents.
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Tension Strength and Modulus @ Room Temperature

Set 3
Eeport Mumber: 2691-R01 Appendix C Crosshead Speed: 0.05 in‘min
Test Specification: ASTM D3039-00 Test Frame: H
GEC Test Plan: GEC-TS024 Fev B Technician: Wade
Purchase Order: 1081 Test Date: 127142006
Test Temp: 68°F
Extensometer ID: ES0410 Test Belative Hunudity: 33%
TUltimate Tensile Strength = ultimate load / {(ave width x ave thickness)
ICalculated Axial Stram (@ Ult = ultimate tensile strength / chord modulus
iChord Modulus = Ag / Ae
11 Moduluz calculated between 1000 & 3000 ps
Intec Global Energy Average Average Ultimate | TUltimate Tensile | ICalculated Axial | IICheord Failure Location
ID Panel ID Width Thickness Load Strength Strain G Ult Modulus &
{in) {in} {Trps) {ks1) { ue) {Msi) Comments
2601-3001 1.002 0.178 18.5 104.0 21,658 4.20 Long splitting fatlure
2601-3002 002 0.184 18.6 101.0 21,965 4.60 Long splitting fatlure
2691-3003 003 0.178 18.6 104.1 22,663 4.59 Long splitting fatlure
2601-3004 002 0.184 19.0 103.1 12349 4.61 Long splitting failure
2601-3005 SN5.0200 002 0.180 18.3 101.2 22217 4.55 Long splitting fatlure
2691-3006 = 002 0.183 183 100.1 23,014 435 Long splitting fatlure
2691-3007 002 0.189 19.1 101.0 22125 436 Long splitting fatlure
2601-3003 002 0.1381 18.5 102.0 23,380 436 Long splitting fatlure
2691-3009 003 0.183 18.7 101.5 13,682 429 Long splitting fatlure
2691-3010 002 0.182 18.7 102.7 23,356 440 Long splitting fatlure
Average: 102.1 12,641 451
Standard Deviation: 14 626 0.16
Cov: 1.3% 3.0% 3.5%

Integrated Technologies Inc. certifies the above testing was completed in accordance with the listed specification.
IExtensometer was removed just prior to reaching vltimate load. Failure stramn reported i3 calculated.
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Compression Strength @ Room Temperature
Set 3

Eeport Wumber: 2691-E01 Appendix D Crosshead Speed: 0.03 in‘min
Test Specification: ASTM D695-02 Modified Test Frame: I
GEC Test Plan: GEC-TS3024 Fev B Technician: Hanson
Purchase Order: 1081 Test Date: 12/15/2006
Test Temp: 66°F
fFixture Torgue: 30 in-lbs Test Relative Humidity: 40%

TUltimate Comyp Strength = ultimate load / {ave width x ave thickness)

Intec Global Energy Average Average Ultimate | TUltimate Comp Failure Location
ID Panel ID Width Thickness Load Strength &
iin) {in) {kips) {Tesi) Comments
2691-3101 0.301 0.182 01 100.0 Brooming in gage section
26091-3102 0.301 0.179 08 109.6 Brooming in gage section
2601-3103 0.302 0.173 0.7 1104 Brooming in gage section
2601-3104 0.302 0.179 0.3 105.3 Brooming in gage section
2601-3105 0.302 0.158 09 105.2 Brooming in gage section
]691-31'5'4? SN5.0200 I:I_:z-':-_‘- 0.158 63 983 Br-::--:umjng_ i gage section
2691-3107 0.301 0.180 29 ~08.8 Brooming inside tab
2601-3108 0.501 0.178 0.5 ~106.8 Brooming inside tab
2601-3109 0.302 0173 8.1 104.0 Brooming in gage section
2691-3110 0.502 0.180 8.6 ~95.6 Brooming inside tab
2691-3111 0.502 0.178 26 954 Brooming in gage section
2691-3112 0.302 0.173 76 87.2 Brooming in gage section
Average: 101.8
Standard Deviation: 74
COov: 7.2%

Integrated Technologies Inc. certsfies the above testing was completed in accordance with the listed specification.
~Due to unacceptable failure mode, the strength is reported but not included in the group statistics.
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Compression Modulus @ Room Temperature
Set 3

Report Number: 2691-E01 Appendix E Crosshead Speed: 0.05 in/min
Test Specification: ASTM D695-02 Modified Test Frame: I
GEC Test Plan: GEC-TS024 Fev B Technician: Hanson
Purchase Order: 1081 Test Date: 12/14/2006
Test Temp: 67°F
Fixture Torgue: 10 in-1bs Test Relative Homudity: 29%

Strain Gage Type: CEA-06-125TUN-350

11Chord Modulus = Ao / Az
11 Modulus caleulated between 1000 & 3000 e

Intec Global Energy Average Average Ultimate | IIChord Failure Location
ID Panel ID Width Thickness Load Modulus &
{in) fin) (kips) iMsi) Comments
2601-3121 0.501 0.180 1.6 451 Stopped after reaching 3 300us
2691-3122 0.501 0.182 1.6 456 Stopped after reaching 3 300u=
2601-3123 0.501 0.179 1.6 4.63 Stopped after reaching 3 500us
2601-3124 0.501 0.180 1.7 471 Stopped after reaching 3.500us
2601-3125 SN5-0200 0.501 0.183 1.6 457 Stopped after reaching 3 5000z
2601-3126 T 0.502 0.178 1.5 443 Stopped after reaching 3 500u=
2601-3127 0.501 0.182 1.5 4.38 Stopped after reaching 3 300us
2691-3128 0.502 0.179 1.5 438 Stopped after reaching 3 300u=
2691-3129 0.502 0.180 1.6 470 Stopped after reaching 3 300u=
2691-3130 0.502 0.182 1.5 435 Stopped after reaching 3,500us
Average: 4.52
Standard Deviation: 0.13
Cov: 29%

Integrated Technologies Inc. certifies the above festing was completed in accordance with the listed specification.
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Report Number:
Purchase Order:
Specification:

Hotplate:
GEC Test Plan:

2691-R0O1 Appendix G

1081

ASTM D3171-99/D2734-94

H,S04H,0,
GEC-TS024 Rev B

Fiber Volume & Void Content

Resin Digestion

Set 3

Fiber Density

Eesin Density
Test Technician: Stacy Oliphant

Test Date (2691-3141 thru 3143): 12/13/2006

i
ht
i
ht

gle

c): 2.50

c): 1.140

Test Date (2691-3144): 12/15/2006

Temperature (°C): 21.0

Specimen Global Energy Water Specific Dry Wet Specimen Fiber Resin Void
ID Panel ID Density Gravity Weight Weight Density Volume Volume Volume*

(glc) (g) (g (gcc) (%) (%) (%)

2691-3141 0.9980 1.931 0.726 0330 1.924 52 55 -7.2
2691-3142 0.9980 1932 0.720 0.347 1.927 30 59 9.1

SN3-0290

2691-3143 0.9980 1.930 0.754 0367 1.945 35 49 -4.3
2691-3144 0.9980 1943 T38 0338 1.038 55 48 -39
Average: 0.734 0.356 1.934 53 53 -.2

Standard Deviation: 0.013 0.009 0.009 3 5 24

COV: 2.0% 2.5% 0.5% 5.0% 9.6%

*MNote: A wvalve for "Void Volume" which is less than zero may be considered equal fo zero due to the

precision of reporting the densities of the fibers and resin.
Integrated Techneologies Inc certifies the above testing was completed in accordance with the listed specification.
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Tg by TMA
Set 3

Report Number: 2691-R01 Appendix F Test Technician: Jeanette Francis
GEC Test Plan: GEC-TS024 Rev B Test Date: 12/15/2006
Purchase Order: 1081

Glass Transition Temperature {TMA by Flexure)

infec Global Energy Specimen Specimen Specimen | Support Static Ramp
ID Panel ID Height Width Depth Span Force Rate Tz Tz
(mm) () {mm) () () {(“Crmin) (°C) {°F)
2691-3152 SN5-0200 0.52 20.30 430 15 1400 5 70 158

(lass transition temperature 15 defermined from the deflection-temperature curve by the
method of intersecting tangents.
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Report Number: 2340-R04
Purchase Order: Sandias-4
Specification: ASTM D792-00

Density

Test Technician: Denise Galasso
Test Date; 9/15/2004
Temperature (°C): 19.7

Specimen Global Energy Water Specific Dry Wet Specimen
1D Panel ID Density Gravity | Weight | Weight Density

(g/ce) (g (g) (g/cc)

2340-1 0.9983 1.162 4.937 0.684 1.159
SN5-0241

2340-2 0.9983 1.162 4.839 0.670 1.159

Average:  4.888 0.677 1.159

Standard Deviation:  0.069 0.010 0.000

COV: 1.4% 1.4% 0.0%

2340-3 0.9983 1.154 3.543 0.470 1.151
SN5-0231]

2340-4 (0.9983 I.155 3117 0.416 1.152

Average: 3.330 0.443 1.152

Standard Deviation:  (0.301 0.038 0.001

COV:  9.0% 8.6% 0.1%

Integrated Technologies Inc. certifies the above testing was completed in accordance with

the listed specilication,

Notes: SN5-0231 is Huntsman Araldite LY 1564 Epoxy.

SN5-0241 is Jeffco 1401 Epoxy.
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NEAT RESIN DENSITY

Eeport Number: 2490-R01
Test Specification: ASTM D792-00
Purchase Order: Sandia 3-15

Test Technician: Denise Galazso
Test Date: 5/5/2005
Temperature (*C): 20.0

Specimen Water Specific Dry Wet Specimen
ID Density Gravity Weight Weight Density

(glee) (g) (g) (gice)
2400-3000 0.9982 1.171 12.5528 1.8255 1.168
2490-3001 0.9982 1.172 12.0722 1.7623 1.169
Average: 12.3125 1.7939 1.168
Standard Deviation: 0.3398 0.0447 0.001
COV: 2.8% 2.5% 0.0%

Integrated Technologies Inc. cerifies the above testing was completed in accordance with the listed specification.

Note: Resin is Vipel VE F010 Vinyl Ester.
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Appendix E

Tabular Data for Fatigue Tests (MSU)
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ELT-5500 / Epoxy GEC Panel ID 020X (1/m) -Log(A) m A
0.096377] -0.068823| 10.3759 1.1717

* Intec-measured values for modulus used in "updated" calculations. Updated Modulus / Epoxy / R=0.1 Curve Fits
Strain Calculation oo (psi)= 121385 A= 1.1717
€ = 2.69 m= 10.38
Modulus* Maximum

Coupon Stress (psi) (msi) Strain Calculated o-N Curve Calculated e-N Curve

Number max min R Freq. (Hz) Strain (%) cycles (abs, %)  Log(N) olo,  -Log(c/co) N G (%) N & (%)
SN5-0291-190 118858 * * 0.5 3.28 1 4,51 2.635 0.00 0.979 0.00914 1 142228 1 3.154
SN5-0291-191 118846 * * 0.5 3.4 1 4,51 2.635 0.00 0.979 0.00918 10 113922 10 2.526
SN5-0291-192 126450 * * 0.5 3.4 1 4,51 2.804 0.00 1.042 -0.01776 100 91250 100 2.023
SN5-0291-124 100000 10000 0.1 1 2.82 70 4.51 2.217 1.85 0.824 0.08416 1000 73089 1000 1.621
SN5-0291-125 100000 10000 0.1 1 2.82 91 4,51 2.217 1.96 0.824 0.08416 10000 58543 10000 1.298
SN5-0291-122 90000 9000 0.1 1 2.49 163 4,51 1.996 221 0.741 0.12992 100000 46892 100000 1.040
SN5-0291-123 90000 9000 0.1 1 2.49 244 4,51 1.996 2.39 0.741 0.12992 1000000 37560 1000000 0.833
SN5-0291-121 80000 8000 0.1 1 2.18 729 4,51 1.774 2.86 0.659 0.18107 10000000 30085 10000000 0.667
SN5-0291-120 80000 8000 0.1 1 2.18 1291 4,51 1.774 3.11 0.659 0.18107
SN5-0291-119 80000 8000 0.1 1 2.18 854 4,51 1.774 2.93 0.659 0.18107
SN5-0291-116 70000 7000 0.1 2 1.88 4815 4,51 1.552 3.68 0.577  0.23907
SN5-0291-118 70000 7000 0.1 2 1.88 2230 4.51 1.552 3.35 0.577  0.23907
SN5-0291-117 70000 7000 0.1 2 1.88 2999 4,51 1.552 3.48 0.577  0.23907
SN5-0291-112 60000 6000 0.1 2 1.59 6445 4.51 1.330 3.81 0.494  0.30601
SN5-0291-110 60000 6000 0.1 2 1.59 13151 4,51 1.330 4.12 0.494  0.30601
SN5-0291-109 60000 6000 0.1 2 1.59 11105 4.51 1.330 4.05 0.494  0.30601
SN5-0291-104 50000 5000 0.1 2 1.31 67165 4,51 1.109 4.83 0.412 0.38519
SN5-0291-105 50000 5000 0.1 2 1.34 41511 4.51 1.109 4.62 0.412 0.38519
SN5-0291-106 50000 5000 0.1 2 1.31 23455 4,51 1.109 4.37 0.412 0.38519
SN5-0291-103 40000 4000 0.1 3 1.02 389501 4,51 0.887 5.59 0.330 0.48210
SN5-0291-107 40000 4000 0.1 3 1.09 248599 4,51 0.887 5.40 0.330 0.48210
SN5-0291-108 40000 4000 0.1 3 1.02 614113 4,51 0.887 5.79 0.330 0.48210
SN5-0291-102 30000 3000 0.1 4 0.75 1821361 4,51 0.665 6.26 0.247  0.60704
SN5-0291-101 30000 3000 0.1 4 0.75 3117135 4,51 0.665 6.49 0.247  0.60704
SN5-0291-193 110000 11000 0.1 1 3.15 40 4,51 2.439 1.60 0.906 0.04277
SN5-0290-195 90000 9000 0.1 1 2.49 201 4,51 1.996 2.30 0.741  0.12992
SN5-0290-196 100000 10000 0.1 1 2.82 27 4,51 2.217 1.43 0.824 0.08416
SN5-0290-197 110000 11000 0.1 1 3.15 19 4.51 2.439 1.28 0.906 0.04277



ELT-5500 / Vinyl Ester

Coupon

Number
SN5-0201-202
SN5-0201-201
SN5-0201-203
SN5-0201-185
SN5-0201-184
SN5-0201-220
SN5-0201-211
SN5-0201-219
SN5-0201-218
SN5-0201-208
SN5-0201-217
SN5-0201-200
SN5-0201-209
SN5-0201-215
SN5-0201-205
SN5-0201-206
SN5-0201-207
SN5-0201-216
SN5-0201-213
SN5-0201-212
SN5-0201-214
SN5-0201-204
SN5-0201-230
SN5-0201-245
SN5-0201-240
SN5-0201-241
SN5-0201-242
SN5-0201-244
SN5-0201-243

GEC Panel ID 029X

* Intec-measured values for modulus used in "updated” calculations.

Stress (psi)
max
124026 *
110615 *
117566 *
50000
50000
30000
40000
40000
40000
30000
30000
60000
60000
25000
25000
50000
60000
70000
70000
70000
80000
80000
80000
90000
90000
90000
100000
100000
100000

min

5000
5000
3000
4000
4000
4000
3000
3000
6000
6000
2500
2500
5000
6000
7000
7000
7000
8000
8000
8000
9000
9000
9000
10000
10000
10000

Freq. (Hz) Strain (%)

0.5
0.5
0.5

N

PRRPRPRPRPRPRPRPRPRPEPNNADIMNNOWNNNNN

0.88
1.71
171
0.73
0.73
1.44
171
1.94
1.94
1.94
2.15
2.15
2.15
2.33
2.33
2.33
2.61
2.61
2.61

cycles
1
1
1
7286
6982
184487
20620
17615
19091
162416
211015
2491
1559
1431704
1134970
9166
1549
596
951
494
227
251
133
92
112

Updated Modulus /
Strain Calculation

Modulus* Maximum
(msi) Strain
(abs, %)
4.48 2.768
4.48 2.469
4.48 2.624
4.48 1.116
4.48 1.116
4.48 0.670
4.48 0.893
4.48 0.893
4.48 0.893
4.48 0.670
4.48 0.670
4.48 1.339
4.48 1.339
4.48 0.558
4.48 0.558
4.48 1.116
4.48 1.339
4.48 1.563
4.48 1.563
4.48 1.563
4.48 1.786
4.48 1.786
4.48 1.786
4.48 2.009
4.48 2.009
4.48 2.009
4.48 2.232
4.48 2.232
4.48 2.232

Log(N)
0.00
0.00
0.00
3.86
3.84
5.27
4.31
4.25
4.28
5.21
5.32
3.40
3.19
6.16
6.05
3.96
3.19
2.78
2.98
2.69
2.36
2.40
2.12
1.96
2.05
1.94
1.54
1.15
1.58

£ (%)
3.151
2.389
1.811
1.373
1.041
0.789
0.598
0.454

(1/m) -Log(A) m A
0.120239| -0.080072] 8.316735 1.2025
VE / R=0.1 Curve Fits
oo (psi)= 117402 A= 1.2025
€ = 2.62 m= 8.32
Calculated o-N Curve Calculated e-N Curve
olo, -Log(o/o,) N c (%) N
1.056 -0.02384 1 141172 1
0.942 0.02586 10 107031 10
1.001 -0.00061 100 81146 100
0.426 0.37071 1000 61522 1000
0.426  0.37071 10000 46643 10000
0.256 0.59256 100000 35363 100000
0.341 0.46762 1000000 26811 1000000
0.341 0.46762 10000000 20327 10000000
0.341 0.46762
0.256 0.59256
0.256  0.59256
0.511 0.29153
0.511 0.29153
0.213 0.67174
0.213 0.67174
0.426 0.37071
0.511 0.29153
0.596 0.22458
0.596 0.22458
0.596 0.22458
0.681 0.16659
0.681 0.16659
0.681 0.16659
0.767 0.11543
0.767 0.11543
0.767 0.11543
0.852  0.06968
0.852  0.06968
0.852  0.06968



ELT-5500 / Epoxy

Coupon

Number
SN5-0291-230
SN5-0291-214
SN5-0291-224
SN5-0291-229
SN5-0291-203
SN5-0291-223
SN5-0291-206
SN5-0291-201
SN5-0291-202
SN5-0291-207
SN5-0291-200
SN5-0291-208
SN5-0291-240
SN5-0291-204
SN5-0291-237
SN5-0291-242
SN5-0291-217
SN5-0291-215

GEC Panel ID 020X

* Intec-measured values for modulus used in "updated” calculations.

Stress (psi)
max
-74616 *
-70709 *
-69336 *
-72667 *
-89768 *
-89320 *
-95992 *
-78216 *
-50000
-30000
-30000
-70000
-70000
-70000
-70000
-70000
-50000
-50000

min

-5000
-3000
-3000
-7000
-7000
-7000
-7000
-7000
-5000
-5000

* ok k% ok ok ok ok

R

Freq. (Hz)

NNR R RRRPOA

Strain (%)
-1.750727
-1.659057
-1.626842
-1.704998
-2.106241

-2.09573
-2.252276
-1.835195
-1.173158
-0.703895
-0.703895
-1.642421
-1.642421
-1.642421
-1.642421
-1.642421
-1.173158
-1.173158

cycles

PR R RRRR

1
4122
1500000
2500000
17

83

36

63

14
18834
13878

Updated Modulus /
Strain Calculation

Modulus*
(msi)

4.52
4.52
4.52
4.52
4.52
4.52
4.52
4.52
4.52
4.52
4.52
4.52
4.52
4.52
4.52
4.52
4.52
4.52

Maximum
Strain
(abs, %)
1.651
1.564
1.534
1.608
1.986
1.976
2.124
1.730
1.106
0.664
0.664
1.549
1.549
1.549
1.549
1.549
1.106
1.106

Log(N)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
3.62
6.18
6.40
1.23
1.92
1.56
1.80
1.15
4.27
4.14

£ (%)
1.821
1.579
1.369
1.187
1.029
0.893
0.774
0.671

(1/m) -Log(A) m A
0.061938| -0.011977| 16.14512 1.0280
Epoxy / R=10 Curve Fits
6, (psi)= 80078 A= 1.0280
€ = 1.77 m= 16.15
Calculated o-N Curve Calculated e-N Curve
olo, -Log(o/o,) N c (%) N
0.932  0.03068 1 82317 1
0.883  0.05404 10 71376 10
0.866  0.06255 100 61889 100
0.907 0.04218 1000 53663 1000
1.121 -0.04961 10000 46531 10000
1.115 -0.04744 100000 40346 100000
1.199 -0.07872 1000000 34983 1000000
0.977 0.01022 10000000 30334 10000000
0.624  0.20454
0.375 0.42639
0.375 0.42639
0.874 0.05842
0.874  0.05842
0.874 0.05842
0.874  0.05842
0.874 0.05842
0.624  0.20454
0.624 0.20454



ELT-5500 / Vinyl Ester

Coupon

Number
SN5-0201-161
SN5-0201-173
SN5-0201-174
SN5-0201-151
SN5-0201-157
SN5-0201-163
SN5-0201-160
SN5-0201-166
SN5-0201-133
SN5-0201-162
SN5-0201-140
SN5-0201-152
SN5-0201-170

GEC Panel ID 029X

* Intec-measured values for modulus used in "updated” calculations.

Stress (psi)
max
-89254 *
-99282 *
-96140 *

-104001 *
-80000
-80000
-80000
-70000
-70000
-70000
-60000
-60000
-50000

min

-8000
-8000
-8000
-7000
-7000
-7000
-6000
-6000
-5000

* ok k%

R

Freq. (Hz)

Strain (%)
-1.916967
-2.132345
-2.064863
-2.233698
-1.718213
-1.718213
-1.718213
-1.503436
-1.503436
-1.503436

-1.28866

-1.28866
-1.073883

cycles

PR e

242

1095
3110
1265
712
30875
57183
41810

Updated Modulus /
Strain Calculation

Modulus*
(msi)

5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05
5.05

Maximum
Strain

(abs, %)
1.767
1.966
1.904
2.059
1.584
1.584
1.584
1.386
1.386
1.386
1.188
1.188
0.990

Log(N)
0.00
0.00
0.00
0.00
2.38
1.91
3.04
3.49
3.10
2.85
4.49
4.76
4.62

£ (%)
1.956
1.750
1.565
1.400
1.252
1.120
1.002

(1/m) -Log(A) m A
0.048396| -0.017422| 20.66304 1.0409
VE / R=10 Curve Fits
6, (psi)= 94892 A= 1.0409
€ = 1.88 m= 20.66
Calculated o-N Curve Calculated e-N Curve
olo, -Log(o/o,) N c (%) N

0.941  0.02660 1 98776 1
1.046 -0.01964 10 88360 10
1.013 -0.00567 100 79042 100
1.096 -0.03981 1000 70707 1000
0.843 0.07414 10000 63251 10000
0.843 0.07414 100000 56581 100000
0.843 0.07414 1000000 50615 1000000
0.738 0.13213 10000000 45277 10000000

0.738  0.13213
0.738 0.13213
0.632  0.19908
0.632  0.19908
0.527 0.27826

0.897



ELT-5500 / Epoxy

Coupon

Number
SN5-0291-190
SN5-0291-191
SN5-0291-192
SN5-0291-124
SN5-0291-125
SN5-0291-122
SN5-0291-123
SN5-0291-121
SN5-0291-120
SN5-0291-119
SN5-0291-116
SN5-0291-118
SN5-0291-117
SN5-0291-112
SN5-0291-110
SN5-0291-109
SN5-0291-104
SN5-0291-105
SN5-0291-106
SN5-0291-103
SN5-0291-107
SN5-0291-108
SN5-0291-102
SN5-0291-101
SN5-0291-193
SN5-0290-195
SN5-0290-196
SN5-0290-197

GEC Panel ID 020X

¢-N Curve Based on MSU-measured Strains

Stress (psi)

max min
118858 *
118846 *

126450 *

100000 10000
100000 10000
90000 9000
90000 9000
80000 8000
80000 8000
80000 8000
70000 7000
70000 7000
70000 7000
60000 6000
60000 6000
60000 6000
50000 5000
50000 5000
50000 5000
40000 4000
40000 4000
40000 4000
30000 3000
30000 3000
110000 11000
90000 9000
100000 10000
110000 11000

*  F *

R

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Freq. (Hz)

E-6

0.5
0.5
0.5

[N

P RPRPERPAEDMOOONMNNMNNNNNNNNRRRERREREPR

Strain (%)
3.28
34
34
2.82
2.82
2.49
2.49
2.18
2.18
2.18
1.88
1.88
1.88
1.59
1.59
1.59
1.31
1.34
1.31
1.02
1.09
1.02
0.75
0.75
3.15
2.49
2.82
3.15

cycles
1
1
1
70
91
163
244
729
1291
854
4815
2230
2999
6445
13151
11105
67165
41511
23455
389501
248599
614113
1821361
3117135
40
201
27
19

Log(N)
0.00
0.00
0.00
1.85
1.96
2.21
2.39
2.86
3.11
2.93
3.68
3.35
3.48
3.81
4.12
4.05
4.83
4.62
4.37
5.59
5.40
5.79
6.26
6.49
1.60
2.30
1.43
1.28

(1/m) -Log(A) m A
0.103982| -0.082788| 9.617064 1.2100
Epoxy / R=0.1 Curve Fits
o, (psi)= 121385 A= 1.2100
g = 3.36 m = 9.62
Calculated &-N Curve
eleg -Log(ele,) N & (%)
0.976 0.01047 1 4.066
1.012 -0.00514 10 3.200
1.012 -0.00514 100 2.519
0.839 0.07609 1000 1.982
0.839 0.07609 10000 1.560
0.741 0.13014 100000 1.228
0.741 0.13014 1000000 0.967
0.649 0.18788 10000000 0.761
0.649 0.18788
0.649 0.18788
0.560 0.25218
0.560 0.25218
0.560 0.25218
0.473 0.32494
0.473 0.32494
0.473 0.32494
0.390 0.40907
0.399 0.39923
0.390 0.40907
0.304 0.51774
0.324 0.48891
0.304 0.51774
0.223 0.65128
0.223 0.65128
0.938 0.02803
0.741 0.13014
0.839 0.07609
0.938 0.02803




ELT-5500 / Vinyl Ester

Coupon

Number
SN5-0201-202
SN5-0201-201
SN5-0201-203
SN5-0201-185
SN5-0201-184
SN5-0201-220
SN5-0201-211
SN5-0201-219
SN5-0201-218
SN5-0201-208
SN5-0201-217
SN5-0201-200
SN5-0201-209
SN5-0201-215
SN5-0201-205
SN5-0201-206
SN5-0201-207
SN5-0201-216
SN5-0201-213
SN5-0201-212
SN5-0201-214
SN5-0201-204
SN5-0201-230
SN5-0201-245
SN5-0201-240
SN5-0201-241
SN5-0201-242
SN5-0201-244
SN5-0201-243

GEC Panel ID 029X

¢-N Curve Based on MSU-measured Strains

Stress (psi)
max
124026 *
110615 *
117566 *
50000
50000
30000
40000
40000
40000
30000
30000
60000
60000
25000
25000
50000
60000
70000
70000
70000
80000
80000
80000
90000
90000
90000
100000
100000
100000

min

5000
5000
3000
4000
4000
4000
3000
3000
6000
6000
2500
2500
5000
6000
7000
7000
7000
8000
8000
8000
9000
9000
9000
10000
10000
10000

*  F *

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Freq. (Hz)

E-7

0.5
0.5
0.5

N

PR RPRPRPRPRPREPREPRPREPRPNNDINNWWONNNNN

Strain (%)
2.7
24
2.4

1.44
1.44
0.88
1.17
1.17
1.17
0.88
0.88
1.71
1.71
0.73
0.73
1.44
1.71
1.94
1.94
1.94
2.15
2.15
2.15
2.33
2.33
2.33
2.61
2.61
2.61

cycles
1
1
1
7286
6982
184487
20620
17615
19091
162416
211015
2491
1559
1431704
1134970
9166
1549
596
951
494
227
251
133
92
112
87
35
14
38

Log(N)
0.00
0.00
0.00
3.86
3.84
5.27
4.31
4.25
4.28
5.21
5.32
3.40
3.19
6.16
6.05
3.96
3.19
2.78
2.98
2.69
2.36
2.40
2.12
1.96
2.05
1.94
1.54
1.15
1.58

(1/m) -Log(A) m A
0.098984| -0.120646| 10.1026 1.3202
VE / R=0.1 Curve Fits
o, (psi)= 117402 A= 1.3202
g = 2.50 m = 10.10
Calculated &-N Curve
eleg -Log(ele,) N & (%)
1.080 -0.03342 1 3.301
0.960 0.01773 10 2.628
0.960 0.01773 100 2.092
0.576 0.23958 1000 1.666
0.576 0.23958 10000 1.326
0.352 0.45346 100000 1.056
0.468 0.32975 1000000 0.841
0.468 0.32975 10000000 0.669
0.468 0.32975
0.352 0.45346
0.352 0.45346
0.684 0.16494
0.684 0.16494
0.292 0.53462
0.292 0.53462
0.576 0.23958
0.684 0.16494
0.776 0.11014
0.776 0.11014
0.776 0.11014
0.860 0.06550
0.860 0.06550
0.860 0.06550
0.932 0.03058
0.932 0.03058
0.932 0.03058
1.044 -0.01870
1.044 -0.01870
1.044 -0.01870




GEC I.D. SN5-212X (same layup as SN5-021X, but without fiberglass facings)
Toray pregreg carbon

* MSU-measured values for modulus used in "updated" calculations.

0.1-0.3%
Maximum Minimum Modulus Maximum  cycles
Toray Stress stress  Frequency  (msi) Strain to
Coupon  R-Value PSI PSI Hz % failure
2429-0304 static 313361 0.5"/sec 17.93 1.61 1
2429-0308 static 276653 0.5"/sec 17.88 1.45 1
2429-0305 static 282349 0.5"/sec 17.78 1.51 1
2429-0301 static 277662 1 19.68 1.42 1
2429-0302 0.1 260000 1 21.22 1.14 123
2429-0303 0.1 270000 1 19.73 1.14 194
2429-0306 0.1 275000 1 17.83 1.36 32
2429-0311 0.1 230000 1 20.04 1.09 1272
2429-0315 0.1 230000 2 19.74 11 81743
2429-0316 0.1 230000 2 19.18 11 6248
2429-0307 0.1 215000 2 17.71 1.16 4204
2429-0312 0.1 200000 2 20.02 0.96 17873
2429-0314 0.1 200000 2 19.50 0.98 128092
2429-0313 0.1 190000 2 18.00 1.02 345949
2429-0310 0.1 190000 2 17.72 1.03 102971
Average = 18.93

GEC I.D. SN5-213X (same layup as SN5-024X, but without fiberglass facings)
Zoltek pregreg carbon

* MSU-measured values for modulus used in "updated" calculations.

0.1-0.3%
Maximum Minimum Modulus Maximum  cycles
ZOLTEK Stress stress  Frequency  (msi) Strain to
Coupon  R-Value PSI PSI Hz % failure
2429-0409 static 269350 0.5"/sec 18.6868 1.34 1
2429-0410 static 256637 0.5"/sec 19.9384 1.25 1
2429-0408 static 263117 0.5"/sec 18.6775 1.34 1
2429-0402 0.1 200000 1 19.59 0.984 1049
2429-0407 0.1 200000 1 17.64 1.02 2906
2429-0403 0.1 200000 1 18.83 1.03 3141
2429-0411 0.1 190000 2 18.3376 0.99 300021
2429-0412 0.1 190000 2 18.48685 0.96 497630
2429-0401 0.1 180000 2 19.1558 0.88 1096651
Avg = 18.81588

thickness
(mm)
2.362
2.426
2413
1.956
2.064
2.159
2.426
2.324
2.299
2.362
2413
2413
2.400
2.388
2413

thickness
(mm)
2.667
2.616
2.705
2.489
2.718
2.591
2515
2.306
2.267

VF
0.588
0.573
0.576
0.710
0.673
0.643
0.573
0.598
0.604
0.588
0.576
0.576
0.579
0.582
0.576

VF
0.521
0.531
0.513
0.558
0.511
0.536
0.552
0.602
0.613

Updated Modulus /
Strain Calculation

Modulus*  Maximum
(msi) Strain
(abs, %)
18.9 1.655
18.9 1.461
18.9 1.491
18.9 1.467
18.9 1.373
18.9 1.426
18.9 1.453
18.9 1.215
18.9 1.215
18.9 1.215
18.9 1.136
18.9 1.056
18.9 1.056
18.9 1.004
18.9 1.004

Updated Modulus /
Strain Calculation

Modulus*  Maximum
(msi) Strain
(abs, %)
18.82 1.432
18.82 1.364
18.82 1.398
18.82 1.063
18.82 1.063
18.82 1.063
18.82 1.010
18.82 1.010
18.82 0.957

Log(N)
0.00
0.00
0.00
0.00
2.09
2.29
1.51
3.10
491
3.80
3.62
4.25
511
5.54
5.01

Log(N)
0.00
0.00
0.00
3.02
3.46
3.50
5.48
5.70
6.04

& (%)
1.549
1.439
1.338
1.243
1.155
1.074
0.998
0.927

£ (%)
1.369
1.288
1.211
1.139
1.072
1.008
0.949
0.892

[ @m) |-Ltog®W|] m A
| 0.031802[ -0.008442| 31.44496]  1.0196|
Epoxy / R=0.1 Curve Fits
G = 287506 A= 1.0196
& = 1.52 m= 31.44
Calculated s-N Curve Calculated e-N Curve
olo, -Log(c/c,) N o (%) N
1.090 -0.03740 1 293150 1
0.962 0.01671 10 272451 10
0.982 0.00786 100 253213 100
0.966 0.01513 1000 235334 1000
0.904 0.04367 10000 218717 10000
0.939 0.02728 100000 203274 100000
0.957 0.01931 1000000 188921 1000000
0.800 0.09692 10000000 175581 10000000
0.800 0.09692
0.800 0.09692
0.748 0.12621
0.696 0.15762
0.696 0.15762
0.661 0.17989
0.661 0.17989
[ @m [ -logW] m A
| 0.026546] 0.009169] 37.6698]  0.9791|
Epoxy / R=0.1 Curve Fits
G = 263035 A= 0.9791
g = 1.40 m= 37.67
Calculated o-N Curve Calculated &-N Curve
olo,  -Log(cloy) N G (%) N
1.024 -0.01030 1 257539 1
0.976 0.01069 10 242269 10
1.000 -0.00014 100 227903 100
0.760 0.11898 1000 214390 1000
0.760 0.11898 10000 201678 10000
0.760 0.11898 100000 189719 100000
0.722  0.14126 1000000 178470 1000000
0.722  0.14126 10000000 167888 10000000
0.684 0.16474



MATERIAL "P2B" from DOE/MSU Database
Lay-up = (+45/08C/ 45), Newport carbon NB307-D1 prepreg 0, 300/m2 with glass 0/90 prepreg for +45 , 298 g/m2

* Intec-measured values for modulus used in "updated" calculations. Updated Modulus /
Strain Calculation

Max R-value Frequency Modulus Strain Cycles comments Modulus* Maximum
coupon Stress Hz GPa % R=runout Gpa Strain

MPa (abs, %)
P2B-402 1597 * 13 98.2 1.49 1 103.5 1.543
P2B-400 1405 * 13 96.4 131 1 103.5 1.357
P2B-401 1487 * 13 954 1.39 1 103.5 1.437
P2B-178 1605 * 13 107 1.35 1 103.5 1.550
P2B-1100 1664 * 1 107 1.42 1 103.5 1.607
P2B-1102 1544 * 1---- 1.45 1 103.5 1.492
P2B-900 1597 * 6.35 ---- 1.49 1 103.5 1.543
P2B-901 1473 * 6.35 ---- 1.38 1 103.5 1.423
P2B-902 1582 * 6.35 ---- 1.48 1 103.5 1.529
P2B-903 1605 * 6.35 ---- 1.50 1 103.5 1.551
P2B-904 1594 * 6.35 ---- 1.49 1 103.5 1.540
P2B-905 1500 * 13 ---- 1.40 1 103.5 1.450
P2B-906 1520 * 13 ---- 1.42 1 103.5 1.468
P2B-907 1665 * 13 ---- 1.56 1 103.5 1.609
P2B-908 1495 * 13 ---- 1.40 1 103.5 1.445
P2B-909 1549 * 13 ---- 1.45 1 103.5 1.497
P2B-910 1511 * 0.01 ---- 141 1 103.5 1.460
P2B-911 1501 * 0.01 ---- 1.40 1 103.5 1.450
P2B-912 1559 * 0.01 ---- 1.46 1 103.5 1.506
P2B-913 1497 * 0.01 ---- 1.40 1 103.5 1.447
P2B-914 1514 * 0.01 ---- 1.42 1 103.5 1.463
P2B-307 1103 0.1 1--- 1.10 449693 103.5 1.066
P2B-303 1034 0.1 1--- 1.03 5000000 103.5 0.999
P2B-293 1172 0.1 1--- 1.10 4172383 103.5 1.133
P2B-170 1241 0.1 1--- 1.16 665487 103.5 1.199
P2B-176 1379 0.1 1--- 1.29 780 103.5 1.332
P2B-180 1379 0.1 1--- 1.29 1030 103.5 1.332
P2B-173 1379 0.1 1--- 1.29 372 103.5 1.332
P2B-182 1310 0.1 1--- 1.23 1782 103.5 1.266
P2B-174 1310 0.1 1--- 1.23 2711 103.5 1.266
P2B-181 1310 0.1 1--- 1.23 619 103.5 1.266
P2B-638 1310 0.1 1--- 1.23 926 103.5 1.266
P2B-639 1241 0.1 1 - 1.16 31542 103.5 1.199
P2B-172 1448 0.1 1 100 1.35 4 103.5 1.399
P2B-175 1448 0.1 1 97.3 1.36 2 103.5 1.399
P2B-179 1413 0.1 1 99.2 1.32 797 103.5 1.366
P2B-611 1413 0.1 1--- 1.32 32 103.5 1.366
P2B-624 1413 0.1 1--- 1.32 99 103.5 1.366
P2B-618 1276 0.1 1--- 1.19 18903 103.5 1.232
P2B-640 1241 0.1 1--- 1.16 7140 103.5 1.199
P2B-644 1241 0.1 1--- 1.16 77938 103.5 1.199

Log(N)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.65
6.70
6.62
5.82
2.89
3.01
2.57
3.25
3.43
2.79
2.97
4.50
0.60
0.30
2.90
151
2.00
4.28
3.85
4.89

T/m)

-Log(A)

m

0.020873

-0.01289

47.90772

1.0301

Epoxy / R=0.1 Curve Fits

Cp =

€ =

1496.4
1.45

A=
m=

1.0301
47.91

clo,
1.067
0.939
0.994
1.072
1.112
1.032
1.067
0.984
1.057
1.073
1.065
1.003
1.016
1.113
0.999
1.035
1.010
1.003
1.042
1.001
1.012
0.737
0.691
0.783
0.829
0.922
0.922
0.922
0.875
0.875
0.875
0.875
0.829
0.968
0.968
0.945
0.945
0.945
0.852
0.829
0.829

-Log(o/c,)
-0.02831
0.02743
0.00268
-0.03035
-0.04600
-0.01372
-0.02833
0.00686
-0.02425
-0.03050
-0.02734
-0.00116
-0.00668
-0.04633
0.00029
-0.01509
-0.00423
-0.00132
-0.01779
-0.00030
-0.00511
0.13239
0.16042
0.10606
0.08124
0.03548
0.03548
0.03548
0.05776
0.05776
0.05776
0.05776
0.08124
0.01429
0.01429
0.02476
0.02476
0.02476
0.06934
0.08124
0.08124

Calculated o-N Curve Calculated ¢-N Curve

N
1
10
100
1000
10000
100000
1000000
10000000

G (%) N
1541.5 1
1469.1 10
1400.2 100
1334.5 1000
1271.9 10000
1212.2 100000
1155.3 1000000
1101.1 10000000

€ (%)
1.489
1.419
1.353
1.289
1.229
1.171
1.116
1.064



GEC I.D. SN5-211X
Toray pregreg carbon

Toray
Coupon  R-Value
2429-0104 static
2429-0115 static
2429-0109 static

2429-0103 10
2429-0101 10
2429-0120 10
2429-0105 10
2429-0108 10
2429-0107 10
2429-0102 10
2429-0114 10
2429-0113 10
2429-0112 10
2429-0111 10

GEC I.D. SN5-214X
Zoltek pregreg carbon

ZOLTEK

Coupon  R-Value
2429-0214 static
2429-0203 static
2429-0217 static

2429-0204 10
2429-0221 10
2429-0209 10
2429-0216 10
2429-0215 10
2429-0206 10
2429-0220 10
2429-0211 10
2429-0219 10

* Intec-measured values for modulus used in "updated” calculations.
** Modulus used in MSU calculations incorrect for panel with glass facings.

0.1-0.3%
Maximum Minimum Modulus** Maximum  cycles

Stress stress  Frequency  (msi) Strain to thickness

PSI PSI Hz % failure (mm)
-169342 0.5"/sec 17.86 -0.947988 1 3.048
-193656 0.5"/sec 17.86  -1.0841 1 2.883
-172414 0.5"/sec 17.86 -0.965186 1 3.289
-12500  -125000 3 17.86 -0.699759 1500000 2.972
-14000  -140000 2 17.86 -0.78373 3410 3.099
-13000  -130000 3 17.86 -0.72 16302 3.366
-13000  -130000 3 17.86 -0.72 624418 2.959
-13000 -130000 3 17.86 -0.72 1136282 2.654
-13500 -135000 3 17.86 -0.75 1500000 2.807
-14000 -140000 2 17.86 -0.78373 272401 3.200
-14000 -140000 2 17.86 -0.78 119078 2.997
-15000 -150000 1 17.86 -0.84 11296 2,972
-15000 -150000 1 17.86 -0.84 74401 3.056
-16000 -160000 1 17.86 -0.9 89 3.150

* Intec-measured values for modulus used in "updated” calculations.
** Modulus used in MSU calculations incorrect for panel with glass facings.

0.1-0.3%
Maximum Minimum Modulus** Maximum  cycles

Stress stress  Frequency  (msi) Strain to thickness

PSI PSI Hz % failure (mm)
-190852 0.5"/sec 17.89  -1.0668 1 3.023
-185396 0.5"/sec 17.89  -1.0363 1 3.048
-171395 0.5"/sec 17.89  -0.9580 1 3.251
-14000  -140000 1 17.89  -0.7826 695 3.188
-14000  -140000 1 17.89  -0.7826 169 2.819
-12000 -120000 3 17.89  -0.6708 42811 3.378
-10000  -100000 4 17.89  -0.5590 1500000 2.769
-14000  -140000 1 17.89  -0.7826 553 2.946
-11000  -110000 4 17.89  -0.6149 1435681 3.213
-12000  -120000 3 17.89  -0.6708 756881 2.870
-13000  -130000 2 17.89 -0.73 244826 3.239
-13000  -130000 2 17.89 -0.73 363266 3.112

VF
0.559
0.591
0.518
0.573
0.550
0.506
0.576
0.642
0.607
0.532
0.569
0.573
0.558
0.541

VF
0.564
0.559
0.524
0.535
0.604
0.504
0.615
0.578
0.530
0.594
0.526
0.548

RO

Updated Modulus /
Strain Calculation

Modulus* Maximum
(msi) Strain
(abs, %)
16.0 1.058
16.0 1.210
16.0 1.078
16.0 0.781
16.0 0.875
16.0 0.813
16.0 0.813
16.0 0.813
16.0 0.844
16.0 0.875
16.0 0.875
16.0 0.938
16.0 0.938
16.0 1.000

Updated Modulus /
Strain Calculation

Modulus* Maximum
(msi) Strain
(abs, %)
15.1 1.264
15.1 1.228
15.1 1.135
15.1 0.927
15.1 0.927
15.1 0.795
15.1 0.662
15.1 0.927
15.1 0.728
15.1 0.795

Log(N)
0.000
0.000
0.000
6.176
3.533
4.212
5.795
6.055
6.176
5.435
5.076
4.053
4.872
1.949

Log(N)
0.00
0.00
0.00
2.84
2.23
4.63
6.18
2.74
6.16
5.88

[[@m) [-Log®W] m A
[ 0.02152] 0.00415] 46.46944]  0.9905|
Epoxy / R=0.1 Curve Fits
Go= 178471 A= 0.9905
€ = 1.12 m= 46.47
Calculated o-N Curve Calculated e-N Curve
olo, -Log(o/o,) N G (%) N € (%)
0.949 0.02280 1 176773 1 1.105
1.085 -0.03546 10 168227 10 1.051
0.966 0.01499 100 160095 100 1.001
0.700 0.15466 1000 152355 1000 0.952
0.784 0.10544 10000 144990 10000 0.906
0.728 0.13762 100000 137981 100000 0.862
0.728 0.13762 1000000 131310 1000000 0.821
0.728 0.13762 10000000 124963 10000000 0.781
0.756  0.12123
0.784 0.10544
0.784 0.10544
0.840 0.07548
0.840 0.07548
0.897 0.04745
[ @m [-logW] m [ A |
|L0.036272| 0.008087] 27.56963]  0.9816|
Epoxy / R=0.1 Curve Fits
G = 182548 A= 0.9816
&= 1.21 m= 27.57
Calculated o-N Curve Calculated e-N Curve
ols,  -Log(clo,) N S (%) N & (%)
1.045 -0.01932 1 179180 1 1.187
1.016 -0.00672 10 164823 10 1.092
0.939 0.02738 100 151616 100 1.004
0.767 0.11525 1000 139468 1000 0.924
0.767 0.11525 10000 128293 10000 0.850
0.657 0.18220 100000 118013 100000 0.782
0.548 0.26138 1000000 108557 1000000 0.719
0.767 0.11525 10000000 99859 10000000 0.661
0.603  0.21998
0.657 0.18220



MATERIAL "P2B" from DOE/MSU Database
Lay-up = (+45/08C/ 45), Newport carbon NB307-D1 prepreg 0, 300/m2 with glass 0/90 prepreg for +45 , 298 g/m2

* Intec-measured values for modulus used in "updated" calculations. Updated Modulus /
Strain Calculation

Max R-value Frequency Modulus Strain Cycles comments Modulus* Maximum
coupon Stress Hz GPa % R=runout Gpa Strain

MPa (abs, %)
P2B-210 -1079 * 13 96.7 -1.06 1 95.91 1.116
P2B-211 -1062 * 13 96.7 -1.04 1 95.91 1.098
P2B-580 -1052 * 13 96.7 -1.03 1 95.91 1.088
P2B-579 -1022 * 13 96.7 -1.00 1 95.91 1.057
P2B-584 -1070 * 13 96.7 -1.05 1 95.91 1.106
P2B-740 -1002 * 13 96.7 -0.98 1 95.91 1.037
P2B-741 -1025 * 13 96.7 -1.00 1 95.91 1.060
P2B-742 -1039 * 13 96.7 -1.02 1 95.91 1.074
P2B-743 -1189 * 13 96.7 -1.17 1 95.91 1.229
P2B-744 -1113 * 13 96.7 -1.09 1 95.91 1.151
P2B-745 -962 * 13 96.7 -0.94 1 95.91 0.995
P2B-746 -1069 * 13 96.7 -1.05 1 95.91 1.105
P2B-747 -1069 * 13 96.7 -1.05 1 95.91 1.106
P2B-748 -983 * 13 96.7 -0.96 1 95.91 1.017
P2B-749 -1069 * 13 96.7 -1.05 1 95.91 1.106
P2B-750 -1090 * 13 96.7 -1.07 1 95.91 1.127
P2B-751 -958 * 13 96.7 -0.94 1 95.91 0.991
P2B-752 -1003 * 13 96.7 -0.98 1 95.91 1.037
P2B-753 -1036 * 13 96.7 -1.02 1 95.91 1.071
P2B-585 -896 10 1 96.7 -0.88 141 25 95.91 0.927
P2B-583 -896 10 1 96.7 -0.88 43 25 95.91 0.927
P2B-212 -896 10 1 96.7 -0.88 65 25 95.91 0.927
P2B-213 -827 10 3 96.7 -0.81 344025 25 95.91 0.856
P2B-203 -827 10 3 96.7 -0.81 43173 25 95.91 0.856
P2B-204 -827 10 3 96.7 -0.81 182396 25 95.91 0.856
P2B-205 -793 10 4 96.7 -0.78 383644 25 95.91 0.820
P2B-207 -758 10 4 96.7 -0.74 625816 95.91 0.784
P2B-206 -758 10 4 96.7 -0.74 1926512 95.91 0.784
P2B-313A -758 10 4 96.7 -0.74 3122463 95.91 0.784
P2B-582 -862 10 1 96.7 -0.84 1350 95.91 0.891
P2B-589 -862 10 1 96.7 -0.84 2495 95.91 0.891
P2B-586 -862 10 1 96.7 -0.84 4950 95.91 0.891

Log(N)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
2.15
1.63
1.81
5.54
4.64
5.26
5.58
5.80
6.28
6.49
3.13
3.40
3.69

T/m)

-Log(A) m

A

0.02171

0.00346] 46.06093

0.992054

Epoxy / R=

10 Curve Fits

Cp =

€ =

1047.0 A=
1.08 m=

0.9921
46.06

clo,
1.031
1.014
1.005
0.976
1.022
0.957
0.979
0.992
1.136
1.064
0.919
1.021
1.021
0.939
1.021
1.041
0.915
0.958
0.989
0.856
0.856
0.856
0.790
0.790
0.790
0.757
0.724
0.724
0.724
0.823
0.823
0.823

Calculated
-Log(o/c,) N
-0.01322 1
-0.00599 10
-0.00220 100
0.01038 1000
-0.00940 10000
0.01887 100000
0.00930 1000000
0.00344 10000000
-0.05520
-0.02675
0.03669
-0.00891
-0.00914
0.02724
-0.00911
-0.01738
0.03852
0.01877
0.00465
0.06746
0.06746
0.06746
0.10222
0.10222
0.10222
0.12071
0.14001
0.14001
0.14001
0.08450
0.08450
0.08450

o-N Curve Calculated &-N Curve

c (%) N
1038.7 1
988.0 10
939.8 100
894.0 1000
850.4 10000
809.0 100000
769.5 1000000
732.0 10000000

€ (%)
1.074
1.022
0.972
0.925
0.879
0.837
0.796
0.757



GEC I.D. SN5-211X
Toray pregreg carbon
* Intec-measured values for modulus used in "updated" calculations.
** Modulus used in MSU calculations incorrect for panel with glass facings.

0.1-0.3%
Maximum Minimum Modulus** Maximum  cycles
Toray Stress stress  Frequency  (msi) Strain to thickness
Coupon  R-Value PSI PSI Hz % failure (mm) VF
2429-0104 static -169342 0.5"/sec 17.86 -0.947988 1 3.048 0.559
2429-0115 static -193656 0.5"/sec 17.86  -1.0841 1 2.883 0.591
2429-0109 static -172414 0.5"/sec 17.86 -0.965186 1 3.289 0.518
2429-0117 -1 90000  -90000 1 0.5 174889 3.233 0.527
2429-0106 -1 90000  -90000 1 05 368281 2.819 0.604
2429-0110 -1 110000 -110000 1 0.62 7011 3.175 0.537
2429-0118 -1 80000  -80000 2 0.45 341552 3.226 0.528
2429-0119 -1 110000 -110000 1 0.62 1642 3.302 0.516
2429-0116 -1 80000  -80000 2 0.45 858630 2.705 0.630
GEC I.D. SN5-214X
Zoltek pregreg carbon
* Intec-measured values for modulus used in "updated" calculations.
** Modulus used in MSU calculations incorrect for panel with glass facings.
0.1-0.3%
Maximum Minimum Modulus** Maximum  cycles
ZOLTEK Stress stress  Frequency  (msi) Strain to thickness
Coupon  R-Value PSI PSI Hz % failure (mm) VF
2429-0214 static -190852 0.5"/sec 17.89  -1.0668 1 3.023 0.564
2429-0203 static -185396 0.5"/sec 17.89  -1.0363 1 3.048 0.559
2429-0217 static -171395 0.5"/sec 17.89  -0.9580 1 3.251 0.524
2429-0205 -1 110000 -110000 1 17.89 0.6100 751 3.073 0.554
2429-0213 -1 90000 -90000 2 17.89 0.5000 23349 3.061 0.557
2429-0212 -1 80000 -80000 2 17.89 0.4440 1200000 3.150 0.541
2429-0201 -1 110000 -110000 1 17.89 0.6100 413 2.832 0.602
2429-0208 -1 110000 -110000 1 17.89 0.6100 2097 3.175 0.537
2429-0210 -1 90000 -90000 2 17.89 0.5000 55857 3.226 0.528
2429-0218 -1 80000 -80000 2 17.89 0.4440 617787 3.239 0.526

E-12

[ @m |-log®)] m [ A |
[ 0.057734] 0.002279] 17.32073]  0.9948|
Updated Modulus / Epoxy / R=0.1 Curve Fits
Strain Calculation o= 178471 A= 0.9948
g = 1.12 m= 17.32
Modulus*  Maximum
(msi) Strain Calculated s-N Curve Calculated e-N Curve
(abs, %)  Log(N) olo,  -Log(c/o,) N c (%) N e (%)
16.0 1.058 0.000 0.949 0.02280 1 177537 1 1.110
16.0 1.210 0.000 1.085 -0.03546 10 155437 10 0.971
16.0 1.078 0.000 0.966 0.01499 100 136088 100 0.851
16.0 0.563 5.243 0.504 0.29732 1000 119147 1000 0.745
16.0 0.563 5.566 0.504 0.29732 10000 104316 10000 0.652
16.0 0.688 3.846 0.616 0.21017 100000 91331 100000 0.571
16.0 0.500 5.533 0.448 0.34848 1000000 79962 1000000 0.500
16.0 0.688 3.215 0.616 0.21017 10000000 70008 10000000 0.438
16.0 0.500 5.934 0.448 0.34848
[ @m T-Log®] m A
| 0.061771] 0.015143] 16.18879]  0.9657|
Updated Modulus / Epoxy / R=0.1 Curve Fits
Strain Calculation Go= 182548 A= 0.9657
£ = 121 m= 16.19
Modulus* Maximum
(msi) Strain Calculated s-N Curve Calculated
(abs, %)  Log(N) olo,  -Log(c/o,) N c (%) N
15.1 1.264 0.00 1.045 -0.01932 1 176292 1
15.1 1.228 0.00 1.016 -0.00672 10 152919 10
15.1 1.135 0.00 0.939 0.02738 100 132645 100
15.1 0.728 2.88 0.603  0.21998 1000 115059 1000
15.1 0.596 4.37 0.493 0.30713 10000 99804 10000
15.1 0.530 6.08 0.438 0.35829 100000 86572 100000
15.1 0.728 2.62 0.603 0.21998 1000000 75094 1000000
15.1 0.728 3.32 0.603  0.21998 10000000 65138 10000000
15.1 0.596 4.75 0.493 0.30713
15.1 0.530 5.79 0.438 0.35829



MATERIAL "P2B" from DOE/MSU Database
Lay-up = (+45/08C/ 45), Newport carbon NB307-D1 prepreg 0, 300/m2 with glass 0/90 prepreg for +45 , 298 g/m2

* Intec-measured values for modulus used in "updated" calculations. Updated Modulus /
Strain Calculation

Max R-value Frequency Modulus Strain Cycles comments Modulus* Maximum
coupon Stress Hz GPa % R=runout Gpa Strain

MPa (abs, %)
P2B-210 -1079 * 13 96.7 -1.06 1 95.91 1.116
P2B-211 -1062 * 13 96.7 -1.04 1 95.91 1.098
P2B-580 -1052 * 13 96.7 -1.03 1 95.91 1.088
P2B-579 -1022 * 13 96.7 -1.00 1 95.91 1.057
P2B-584 -1070 * 13 96.7 -1.05 1 95.91 1.106
P2B-740 -1002 * 13 96.7 -0.98 1 95.91 1.037
P2B-741 -1025 * 13 96.7 -1.00 1 95.91 1.060
P2B-742 -1039 * 13 96.7 -1.02 1 95.91 1.074
P2B-743 -1189 * 13 96.7 -1.17 1 95.91 1.229
P2B-744 -1113 * 13 96.7 -1.09 1 95.91 1.151
P2B-745 -962 * 13 96.7 -0.94 1 95.91 0.995
P2B-746 -1069 * 13 96.7 -1.05 1 95.91 1.105
P2B-747 -1069 * 13 96.7 -1.05 1 95.91 1.106
P2B-748 -983 * 13 96.7 -0.96 1 95.91 1.017
P2B-749 -1069 * 13 96.7 -1.05 1 95.91 1.106
P2B-750 -1090 * 13 96.7 -1.07 1 95.91 1.127
P2B-751 -958 * 13 96.7 -0.94 1 95.91 0.991
P2B-752 -1003 * 13 96.7 -0.98 1 95.91 1.037
P2B-753 -1036 * 13 96.7 -1.02 1 95.91 1.071
P2B-208 517 -1 2 96.7 -0.51 2000000 25 R 95.91 0.535
P2B-221 690 -1 2 96.7 -0.68 104909 95.91 0.713
P2B-300 793 -1 1 96.7 -0.78 1362 95.91 0.820
P2B-313 793 -1 1 96.7 -0.78 329 95.91 0.820
P2B-306 793 -1 1 96.7 -0.78 9862 95.91 0.820
P2B-309 793 -1 1 96.7 -0.78 3160 95.91 0.820
P2B-309A 690 -1 2 96.7 -0.68 273100 95.91 0.713
P2B-303A 690 -1 2 96.7 -0.68 739691 95.91 0.713
P2B-310 586 -1 3 96.7 -0.57 739284 95.91 0.606
P2B-581 621 -1 3 96.7 -0.61 367170 95.91 0.642
P2B-592 621 -1 2 96.7 -0.61 1116740 95.91 0.642
P2B-305A 827 -1 1 96.7 -0.81 152 95.91 0.856
P2B-215 827 -1 1 96.7 -0.81 73 95.91 0.856
P2B-301 827 -1 1 96.7 -0.81 5231 95.91 0.856
P2B-325 827 -1 1 96.7 -0.81 409 95.91 0.856
P2BX-110 621 -1 1 96.7 -0.61 643945 95.91 0.642
P2B-270 621 -1 1 96.7 -0.61 235636 95.91 0.642
P2BX-108 724 -1 1 96.7 -0.71 13033 95.91 0.749
P2B-508 724 -1 1 96.7 -0.71 21138 95.91 0.749

Log(N)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
6.30
5.02
3.13
2.52
3.99
3.50
5.44
5.87
5.87
5.56
6.05
2.18
1.86
3.72
2.61
5.81
5.37
4.12
4.33

Tm)

-Log(A)

m

0.038471

0.00082] 25.99394

0.9981

Epoxy / R=-1 Curve Fits

Cp =

€ =

1047.0
1.08

A=
m=

0.9981
25.99

clo,
1.031
1.014
1.005
0.976
1.022
0.957
0.979
0.992
1.136
1.064
0.919
1.021
1.021
0.939
1.021
1.041
0.915
0.958
0.989
0.494
0.659
0.757
0.757
0.757
0.757
0.659
0.659
0.560
0.593
0.593
0.790
0.790
0.790
0.790
0.593
0.593
0.691
0.691

Calculated o-N Curve Calculated ¢-N Curve

-Log(o/c,)
-0.01322
-0.00599
-0.00220

0.01038
-0.00940
0.01887

N
1
10
100
1000
10000
100000

0.00930 1000000
0.00344 10000000

-0.05520
-0.02675
0.03669
-0.00891
-0.00914
0.02724
-0.00911
-0.01738
0.03852
0.01877
0.00465
0.30634
0.18141
0.12071
0.12071
0.12071
0.12071
0.18141
0.18141
0.25199
0.22716
0.22716
0.10222
0.10222
0.10222
0.10222
0.22716
0.22716
0.16022
0.16022

c (%) N
1045.0 1
956.4 10
875.3 100
801.1 1000
733.2 10000
671.1 100000
614.2 1000000
562.1 10000000

€ (%)
1.081
0.989
0.905
0.828
0.758
0.694
0.635
0.581



GEC I.D. SN5-022X

SAERTEX Carbon-Glass Triax / Epoxy

* Intec-measured values for modulus used in "updated" calculations.

Stress
Coupon Resin Lab Type ksi MPa Strain  Freq. (Hz) Cycles Tabs?
2369-0101 Epoxy Intec Tensile 194.0 1336.7 1.65% 1 Yes
2369-0111 Epoxy Intec Tensile 186.0 1281.5 1.58% 1 Yes
2369-0106 Epoxy Intec Tensile 192.0 1322.9 1.63% 1 Yes
2369-0112  Epoxy Intec Tensile 181.0 1247.1 1.53% 1 Yes
H Epoxy MSU 0.1 120.0 826.8 1.05% 2 85911 No
A Epoxy MSU 0.1 130.0 895.7 1.13% 2 23925 No
B  Epoxy MSU 0.1 130.0 895.7 1.13% 2 141744 No
F  Epoxy MSU 0.1 120.0 826.8 1.05% 2 49126 No
L  Epoxy MSU 0.1 120.0 826.8 1.05% 1 60350 No
T Epoxy MSU 0.1 120.0 826.8 1.05% 2 84392 No
M Epoxy MSU 0.1 120.0 826.8 1.05% 2 687166 No
S Epoxy MSU 0.1 120.0 826.8 1.05% 3 1624423 No
U  Epoxy MSU 0.1 140.0 964.6 1.21% 3 903287 No
P Epoxy MSU 0.1 160.0 1102.4 1.37% 1 228 No
J  Epoxy MSU 0.1 160.0 1102.4 1.37% 1 382 No
D Epoxy MSU 0.1 140.0 964.6 1.21% 2 27807 No
N Epoxy MSU 0.1 140.0 964.6 1.21% 1 7390 No
GEC I.D. SN5-0262
SAERTEX Carbon-Glass Triax / VE Resin (with MSU post-cure)
* Intec-measured values for modulus used in "updated" calculations.
Stress
Coupon Resin Lab Type ksi MPa Strain  Freq. (Hz) Cycles Tabs?
523 VE MSU Tensile 196.2 13520 1.68 1 Yes
519 VE MSU Tensile 195.1 1344.4 1.54 1 Yes
520 VE MSU Tensile 188.1 1296.0 1.6 1 Yes
501 VE MSU 0.1 130.0 895.7 1.09 2 659 Yes
509 VE MSU 0.1 120.0 826.8 1.03 2 2422 Yes
507 VE MSU 0.1 100.0 689.0 0.85 2 3972 Yes
511 VE MSU 0.1 95.0 654.6 0.82 2 93425 Yes
512 VE MSU 0.1 110.0 757.9  1.08 2 7163 Yes
510 VE MSU 0.1 100.0 689.0 0.95 2 70823 Yes
505 VE MSU 0.1 95.0 654.6 0.85 2 162290 Yes
518 VE MSU 0.1 100.0 689.0 0.77 1 28361 Yes
508 VE MSU 0.1 90.0 620.1 0.78 2 1800000 Yes
500 VE MSU 0.1 130.0 895.7  1.07 1 1012 Yes
513 VE MSU 0.1 160.0 1102.4 1.3 1 432 Yes
502 VE MSU 0.1 120.0 826.8 0.97 1 3971 Yes

Updated Modulus /
Strain Calculation

Modulus*
Gpa

77.4
77.4
77.4
77.4
77.4
77.4
77.4
77.4
77.4
77.4
77.4
77.4
77.4
77.4
77.4
77.4
77.4

Maximum
Strain
(abs, %)
1.727
1.656
1.709
1.611
1.068
1.157
1.157
1.068
1.068
1.068
1.068
1.068
1.246
1.424
1.424
1.246
1.246

Updated Modulus /
Strain Calculation

Modulus*
Gpa
79.3
79.3
79.3
79.3
79.3
79.3
79.3
79.3
79.3
79.3
79.3
79.3
79.3
79.3
79.3

Maximum
Strain
1.705
1.695
1.634
1.130
1.043
0.869
0.825
0.956
0.869
0.825
0.869
0.782
1.130
1.390
1.043

Log(N)
0.00
0.00
0.00
2.82
3.38
3.60
4.97
3.86
4.85
5.21
4.45
6.26
3.01
2.64
3.60

€ (%)
1.668
1.546
1.432
1.327
1.230
1.140
1.056
0.979

& (%)
1.678
1.464
1.276
1.113
0.971
0.847
0.739
0.644

[ @m [-togw| m | A
| 0.033071] 0.002023] 30.2378]  0.9954|
Epoxy / R=0.1 Curve Fits
o=  1297.0 A= 0.9954
& = 1.68 m= 30.24
Calculated o-N Curve Calculated e-N Curve
ols,  -Log(c/c,) N c (%) N
1.031 -0.01307 1 1291.0 1
0.988  0.00522 10  1196.4 10
1.020 -0.00857 100 11086 100
0.961 0.01706 1000  1027.3 1000
0.637  0.19555 10000 952.0 10000
0.691 0.16079 100000 882.2 100000
0.691 0.16079 1000000 817.5 1000000
0.637  0.19555 10000000 757.6 10000000
0.637  0.19555
0.637  0.19555
0.637  0.19555
0.637  0.19555
0.744  0.12861
0.850  0.07062
0.850  0.07062
0.744  0.12861
0.744  0.12861
[[@m) JT-Log®W] m T A
] 0.059395] 6.06E-05] 16.83645]  0.9999]
VE / R=0.1 Curve Fits
6=  1330.8 A= 0.9999
&= 1.68 m= 16.84
Calculated s-N Curve Calculated e-N Curve
olo,  -Log(clc,) N G (%) N
1.016 -0.00686 1 13306 1
1.010 -0.00442 10  1160.6 10
0.974  0.01150 100  1012.2 100
0.673 0.17196 1000 882.8 1000
0.621  0.20672 10000 770.0 10000
0.518 0.28590 100000 671.6 100000
0.492 0.30818 1000000 585.7 1000000
0.569 0.24451 10000000 510.9 10000000
0.518  0.28590
0.492 0.30818
0.518  0.28590
0.466 0.33166
0.673 0.17196
0.828 0.08178
0.621  0.20672



€ (%)
1.227
1.119
1.021
0.932
0.850
0.776
0.708
0.646

€
-7.1%
-6.3%
-5.4%
-4.6%
-3.7%
-2.9%
-2.0%
-1.1%

GEC I.D. SN5-022X [T @m JT-LtogA ] m T A ]
SAERTEX Carbon-Glass Triax / Epoxy | 0.039832]-0.001269] 25.10549]  1.0029]
* Intec-measured values for modulus used in "updated" calculations. Epoxy / R= 10 Curve Fits
Updated Modulus / Go= 859.9 A= 1.0029
Strain Calculation €= 1.22 m= 25.11
Stress Modulus* Maximum Calculated o-N Curve Calculated e-N Curve
Coupon Resin Lab Type ksi MPa Strain  Freq. (Hz) Cycles Tabs? Gpa Strain Log(N) olo, -Log(c/o,) N c (%) N
2395-0208( Epoxy Intec Comp. 122.5 844.0 1.20% 1 Yes 70.3 1.201 0.00 0.982  0.00808 1 862.4 1
2395-0233| Epoxy Intec Comp. 131.8 908.1 1.30% 1 Yes 70.3 1.292 0.00 1.056 -0.02370 10 786.8 10
2395-0234| Epoxy Intec Comp. 126.4 870.9 1.20% 1 Yes 70.3 1.239 0.00 1.013 -0.00553 100 717.9 100
401| Epoxy MSU Comp. 128.7 886.7 1.40% 1 Yes 70.3 1.261 0.00 1.031 -0.01336 1000 654.9 1000
402| Epoxy MSU Comp. 127.8 880.5 1.39% 1 Yes 70.3 1.253 0.00 1.024 -0.01032 10000 597.6 10000
403( Epoxy MSU Comp. 124.8 859.9 1.35% 1 Yes 70.3 1.223 0.00 1.000 0.00000/ 100000 545.2 100000
2395-0210( Epoxy MSU Comp. 123.8 853.0 1.44% 1 Yes 70.3 1.213 0.00 0.992 0.00349| 1000000 497.4 1000000
2395-0209| Epoxy MSU Comp. 118.9 819.2 1.29% 1 Yes 70.3 1.165 0.00 0.953  0.02103| 10000000 453.8 10000000
2395-0217| Epoxy MSU 10 70.0 482.3 0.68% 5 1066584  Yes 70.3 0.686 6.03 0.561 0.25112
2395-0218| Epoxy MSU 10 90.0 620.1 0.92% 2 11203 Yes 70.3 0.882 4.05 0.721 0.14197
2395-0219| Epoxy MSU 10 90.0 620.1 0.92% 2 9397 Yes 70.3 0.882 3.97 0.721 0.14197
2395-0216( Epoxy MSU 10 80.0 551.2 0.80% 2 122792 Yes 70.3 0.784 5.09 0.641 0.19312
2395-0220( Epoxy MSU 10 80.0 551.2 0.80% 2 41934  Yes 70.3 0.784 4.62 0.641 0.19312
2395-0230| Epoxy MSU 10 70.0 482.3 0.68% 3 1455131 Yes 70.3 0.686 6.16 0.561 0.25112
2395-0232| Epoxy MSU 10 100.0 689.0 1.04% 1 213 Yes 70.3 0.980 2.33 0.801  0.09621
GEC I.D. SN5-0262 [ @Wm [-log®] m [ A 1]
SAERTEX Carbon-Glass Triax / VE Resin (with MSU post-cure) |.0.035927] 0.028816] 27.83395]  0.9358|
* Intec-measured values for modulus used in "updated"” calculations. VE / R=10 Curve Fits
Updated Modulus / G = 965.4 A= 0.9358,
Strain Calculation €= 1.22 m= 27.83]
Stress Modulus* Maximum Calculated o-N Curve Calculated e-N Curve VE versus Epoxy
Coupon Resin Lab Type ksi MPa Strain  Freq.(Hz) Cycles  Tabs? Gpa Strain Log(N) clo,  -Log(clco) N S (%) N & (%) c
546 VE MSU Comp 140.1 965.6 1.20% 1 Yes 79.3 1.218 0.00 1.000 -0.00009 1 903.4 1 1.139 4.8%
565 VE MSU Comp 135.6 934.2 1.10% 1 Yes 79.3 1.178 0.00 0.968 0.01426 10 831.7 10 1.049 5.7%
566 VE MSU Comp 144.6 996.4 1.24% 1 Yes 79.3 1.256 0.00 1.032 -0.01372 100 765.7 100 0.966 6.7%
586 VE MSU 10 80.0 551.2 -0.69% 3 471493 Yes 79.3 0.695 5.67 0.571 0.24340 1000 704.9 1000 0.889 7.6%
579 VE MSU 10 90.0 620.1 -0.77% 3 18567 Yes 79.3 0.782 4.27 0.642 0.19225 10000 648.9 10000 0.818 8.6%
580 VE MSU 10 100.0 689.0 -0.86% 1 884 Yes 79.3 0.869 2.95 0.714 0.14649( 100000 597.4 100000 0.753  9.6%
571 VE MSU 10 100.0 689.0 -0.86% 1 147 Yes 79.3 0.869 2.17 0.714  0.14649( 1000000 550.0 1000000 0.694 10.6%
578 VE MSU 10 100.0 689.0 -0.86% 1 283 Yes 79.3 0.869 2.45 0.714  0.14649| 10000000 506.3 10000000 0.638 11.6%
582 VE MSU 10 90.0 620.1 -0.77% 2 247807 Yes 79.3 0.782 5.39 0.642 0.19225
575 VE MSU 10 90.0 620.1 -0.77% 3 313925 Yes 79.3 0.782 5.50 0.642 0.19225
570 VE MSU 10 80.0 551.2 -0.69% 2 801628 Yes 79.3 0.695 5.90 0.571  0.24340
551 VE MSU 10 110.0 757.9 -0.95% 1 7 Yes 79.3 0.956 0.85 0.785  0.10510




€ (%)
1.204
1.041
0.900
0.778
0.673
0.582
0.503
0.435

€

-3.7%

-6.6%

-9.4%
-12.1%
-14.8%
-17.3%
-19.8%
-22.2%

GEC I.D. SN5-022X | @m) | -LogA)] m | A
SAERTEX Carbon-Glass Triax / Epoxy | 0.063217] 0.006751| 15.81852]  0.9846|
* Intec-measured values for modulus used in "updated" calculations. Epoxy / R= -1 Curve Fits
Updated Modulus / Go= 859.9 A= 0.9846
Strain Calculation €= 1.22 m= 15.82
Stress Modulus* Maximum Calculated o-N Curve Calculated e-N Curve
Coupon Resin Lab Type ksi MPa Strain  Freq. (Hz) Cycles  Tabs? Gpa Strain Log(N) olo,  -Log(c/o,) N c (%) N
2395-0208  Epoxy Intec Comp. 1225 844.0 1.20% 1 Yes 70.3 1.201 0.00 0.982 0.00808 1 846.6 1
2395-0233  Epoxy Intec Comp. 131.8 908.1 1.30% 1 Yes 70.3 1.292 0.00 1.056 -0.02370 10 731.9 10
2395-0234  Epoxy Intec Comp. 126.4 870.9 1.20% 1 Yes 70.3 1.239 0.00 1.013 -0.00553 100 632.8 100
401 Epoxy MSU Comp. 128.7 886.7 1.40% 1 Yes 70.3 1.261 0.00 1.031 -0.01336 1000 547.1 1000
402  Epoxy MSU Comp. 127.8 880.5 1.39% 1 Yes 70.3 1.253 0.00 1.024 -0.01032 10000 472.9 10000
403  Epoxy MSU Comp. 124.8 859.9 1.35% 1 Yes 70.3 1.223 0.00 1.000 0.00000| 100000 408.9 100000
2395-0210 Epoxy MSU Comp. 123.8 853.0 1.44% 1 Yes 70.3 1.213 0.00 0.992 0.00349| 1000000 353.5 1000000
2395-0209  Epoxy MSU Comp. 118.9 819.2 1.29% 1 Yes 70.3 1.165 0.00 0.953  0.02103| 10000000 305.6 10000000
2395-0211 Epoxy MSU -1 50.0 344.5 0.46% 3 3562005 Yes 70.3 0.490 6.55 0.401 0.39724
2395-0212  Epoxy MSU -1 50.0 344.5 0.46% 3 2613724 Yes 70.3 0.490 6.42 0.401 0.39724
2395-0213 Epoxy MSU -1 80.0 551.2 0.70% 1 343 Yes 70.3 0.784 2.54 0.641 0.19312
2395-0214  Epoxy MSU -1 65.0 447.9 0.58% 1 14827 Yes 70.3 0.637 4.17 0.521 0.28330
2395-0215 Epoxy MSU -1 60.0 413.4 0.54% 2 35949 Yes 70.3 0.588 4.56 0.481 0.31806
2395-0231  Epoxy MSU -1 80.0 551.2 0.70% 1 628 Yes 70.3 0.784 2.80 0.641  0.19312
GEC I.D. SN5-0262 [ @m JT-log®W] m T A 1]
SAERTEX Carbon-Glass Triax / VE Resin (with MSU post-cure) [ 0.076449] 0.021217] 13.08056]  0.9523]
* Intec-measured values for modulus used in "updated"” calculations. VE / R= -1 Curve Fits
Updated Modulus / Gy = 965.4 A= 0.9523|
Strain Calculation €= 1.22 m= 13.08
Stress Modulus* Maximum Calculated o-N Curve Calculated e-N Curve VE versus Epoxy
Coupon Resin Lab Type Ksi MPa Strain  Freq. (Hz) Cycles  Tabs? Gpa Strain Log(N) ols,  -Log(c/s,) N S (%) N € (%) c
546 VE MSU Comp. 140.1 965.6 1.20% 1 Yes 79.3 1.218 0.00 1.000 -0.00009 1 919.4 1 1.159 8.6%
565 VE MSU Comp. 135.6 934.2 1.10% 1 Yes 79.3 1.178 0.00 0.968 0.01426 10 771.0 10 0972 53%
566 VE MSU Comp 144.6 996.4 1.24% 1 Yes 79.3 1.256 0.00 1.032 -0.01372 100 646.5 100 0.815 2.2%
653 VE MSU -1 80.0 551.2 0.69% 1 93 Yes 79.3 0.695 1.97 0.571  0.24340 1000 542.2 1000 0.684 -0.9%
612 VE MSU -1 80.0 551.2 0.69% 1 786 Yes 79.3 0.695 2.90 0.571  0.24340 10000 454.7 10000 0.573 -3.9%
573 VE MSU -1 80.0 551.2 0.69% 1 915 Yes 79.3 0.695 2.96 0.571  0.24340 100000 381.3 100000 0.481 -6.8%
585 VE MSU -1 80.0 551.2 0.69% 1 685 Yes 79.3 0.695 2.84 0.571  0.24340( 1000000 319.7 1000000 0.403 -9.5%
667 VE MSU -1 50.0 344.5 0.43% 2 507295 Yes 79.3 0.434 5.71 0.357  0.44752| 10000000 268.1 10000000 0.338 -12.3%
670 VE MSU -1 60.0 413.4 0.52% 2 21469 Yes 79.3 0.521 4.33 0.428 0.36834
655 VE MSU -1 60.0 413.4 0.52% 2 14730 Yes 79.3 0.521 4.17 0.428 0.36834
661 VE MSU -1 50.0 344.5 0.43% 2 1464755 Yes 79.3 0.434 6.17 0.357  0.44752




GEC I.D. SN5-432X
Newport (Grafil) Carbon Prepreg, with straight ply drop

* MSU-measured values for modulus used in "updated" calculations.

"Thick Side" Cycles for
Max. Stress  Strain 0.25inch
(psi) (%) R delam. Notes
109596.8 0.78 * 1
60000 0.43 * 22844
45000 0.32 0.1 300000
35000 0.25 0.1 1252120 run out
35000 0.25 0.1 2221308
45000 0.32 0.1 241558
45000 0.32 0.1 140000
70000 0.50 0.1 2800
75000 0.54 0.1 2100

GEC I.D. SN5-431X
Newport (Grafil) Carbon Prepreg, with "pinked" ply drop

* MSU-measured values for modulus used in "updated" calculations.

"Thick Side" Cycles for
Max. Stress  Strain 0.25 inch
(psi) (%) Freq. (Hz) R delam. Notes
136794 1.21 0.005 * 1 no delam prior to failure

143462 1.27 0.005 * 1 no delam prior to failure
110000 0.97 1 0.1 1800
110000 0.97 1 0.1 1300

90000 0.77 2 0.1 15000

75000 0.69 3 0.1 85000

60000 0.53 4 0.1 1100000

all delaminations started at the point or valley on the pinked plys

Updated Modulus /
Strain Calculation

Modulus*
(msi)

14.00
14.00
14.00
14.00
14.00
14.00
14.00
14.00
14.00

Maximum
Strain

(abs, %)
0.783
0.429
0.321
0.250
0.250
0.321
0.321
0.500
0.536

Updated Modulus /
Strain Calculation

Modulus*
(msi)

11.30
11.30
11.30
11.30
11.30
11.30
11.30

Maximum
Strain
(abs, %)
1.211
1.270
0.974
0.974
0.797
0.664
0.531

Log(N)
0.00
4.36
5.48
6.10
6.35
5.38
5.15
3.45
3.32

Log(N)
0.00
0.00
3.26
3.11
4.18
4.93
6.04

€ (%)
0.883
0.731
0.606
0.501
0.415
0.344
0.285
0.236

€ (%)
1.314
1.153
1.012
0.889
0.780
0.685
0.602

(1/m) -Log(A) m A
0.081991] -0.052532| 12.19649 1.1286
Epoxy / R=0.1 Curve Fits
6,= 109597 A= 1.1286
€ = 0.78 m= 12.20
Calculated o-N Curve Calculated &-N Curve
olo,  -Log(clcy) N c (%) N
1.000 0.00000 1 123689 1
0.547 0.26165 10 102409 10
0.411 0.38659 100 84791 100
0.319 0.49573 1000 70203 1000
0.319 0.49573 10000 58126 10000
0.411 0.38659 100000 48126 100000
0.411 0.38659 1000000 39846 1000000
0.639 0.19470 10000000 32991 10000000
0.684 0.16474
(1/m) -Log(A) m A
0.056534| -0.024824| 17.68841 1.0588
Epoxy / R=0.1 Curve Fits
Go= 140128 A= 1.0588
€ = 1.24 m= 17.69
Calculated o-N Curve Calculated &-N Curve
olo,  -Log(clcy) N c (%) N
0.976 0.01046 1 148371 1
1.024 -0.01021 10 130261 10
0.785 0.10513 100 114362 100
0.785 0.10513 1000 100403 1000
0.642 0.19228 10000 88148 10000
0.535 0.27146 100000 77389 100000
0.428 0.36837 1000000 67943 1000000
10000000 59650 10000000

0.528



GEC I.D. SN5-421X
SAERTEX Carbon-Glass Triax / Epoxy, “straight" ply drop

* MSU-measured values for modulus used in "updated” calculations.

coupon maximum  minimum frequency  Thickness E E absolute
stress stress R or rate thin thick thin thick maximum
psi psi value inch/sec  inches inches msi msi strain, %
SN5-421-101 144830 * 0.005 0.2575 0.324 1.24
SN5-421-108 136250 * 0.005 0.2635 0.325 11.348 11.756 1.17
SN5-421-114 148670 * 0.005 0.259 0.331 1.27
SN5-421-100 80000 8000 0.1 1 0.261 0.333 0.721
SN5-421-107 80000 8000 0.1 1 0.258 0.324 0.721
SN5-421-110 80000 8000 0.1 1 0.2615 0.3318 0.721
SN5-421-116 80000 8000 0.1 1 0.258 0.324 0.721
SN5-421-109 65000 6500 0.1 2 0.259 0.326 0.594
SN5-421-106 65000 6500 0.1 2 0.267 0.332 0.594
SN5-421-103 65000 6500 0.1 2 0.264 0.3295 0.594
SN5-421-115 50000 5000 0.1 3 0.265 0.3323 11.496 11.888 0.463
SN5-421-121 50000 5000 0.1 3 0.253 0.326 0.463
SN5-421-122 50000 5000 0.1 3 0.271 0.322 0.463
SN5-421-105 40000 4000 0.1 25 0.2605 0.328 0.373
SN5-421-112 40000 4000 0.1 3 0.263 0.332 0.373
SN5-421-118 40000 4000 0.1 3 0.2575 0.322 0.373
SN5-421-104 35000 3500 0.1 4 0.259 0.3285 0.328
SN5-421-102 35000 3500 0.1 4.5 0.2578 0.3258 12.429 11.714 0.328
SN5-421-113 35000 3500 0.1 4 0.264 0.331 0.328
[Average modulus = 11.76 11.79]
GEC I.D. SN5-423X
SAERTEX Carbon-Glass Triax / Epoxy, “pinked" ply drop
* MSU-measured values for modulus used in "updated"” calculations.
coupon maximum  minimum frequency  Thickness E E absolute
stress stress R or rate thin thick thin thick ~ maximum
psi psi value inch/sec  inches inches msi msi strain, %
SN5-423-114 175228 * 0.005 0.2635 0.3275 1.48
SN5-423-115 183203 * 0.005 0.2575 0.328 1.54
SN5-423-112 177998 * 0.005 0.2545 0.3265 15
SN5-423-119 120000 12000 0.1 1 0.25 0.316 11.68 12.11 1.05
SN5-423-100 100000 10000 0.1 1 0.2665 0.328 0.886
SN5-423-105 100000 10000 0.1 1 0.262 0.325 0.886
SN5-423-102 100000 10000 0.1 1 0.261 0.334 0.886
SN5-423-113 80000 8000 0.1 2 0.263 0.332 0.721
SN5-423-109 80000 8000 0.1 2 0.27 0.335 0.721
SN5-423-106 80000 8000 0.1 2 0.262 0.322 0.721
SN5-423-111 65000 6500 0.1 2 0.253 0.315 0.594
SN5-423-104 65000 6500 0.1 2 0.259 0.326 0.594
SN5-423-112 65000 6500 0.1 2 0.262 0.32 0.594
SN5-423-101 50000 5000 0.1 2 0.269 0.326 0.463
SN5-423-103 50000 5000 0.1 25 0.255 0.321 0.463
SN5-423-117 50000 5000 0.1 3 0.2573 0.3258 0.463
SN5-423-112 40000 4000 0.1 4 0.26 0.328 0.373
SN5-423-110 40000 4000 0.1 5 0.256 0.32 0.373
[Average modulus = 11.68 12.11]

Updated Modulus /
Strain Calculation

cycles
for full Modulus* Maximum
width (msi) Strain
delam. (abs, %)
1 11.76 1.232
1 11.76 1.159
1 11.76 1.264
156 11.76 0.680
12 11.76 0.680
289 11.76 0.680
92 11.76 0.680
2800 11.76 0.553
513 11.76 0.553
4800 11.76 0.553
256922 11.76 0.425
84000 11.76 0.425
49000 11.76 0.425
74000 11.76 0.340
880000 11.76 0.340
341130 11.76 0.340
1500000 full delam 11.76 0.298
1500000 no delam 11.76 0.298
260000
Updated Modulus /
Strain Calculation
cycles
for full Modulus* Maximum
width (msi) Strain
delam. (abs, %)
1 11.68 1.500
1 11.68 1.569
1 11.68 1.524
92 11.68 1.027
650 11.68 0.856
102 11.68 0.856
167 11.68 0.856
4200 11.68 0.685
4800 11.68 0.685
6000 11.68 0.685
8000 11.68 0.557
17000 11.68 0.557
26000 11.68 0.557
132000 11.68 0.428
210000 11.68 0.428
31000 11.68 0.428
2120000 just started to delam 11.68 0.342
2500000 70% cracked 11.68 0.342

Log(N)
0.000

Log(N)
0.000
0.000
0.000
1.964
2.813
2.009
2.223
3.623
3.681
3.778
3.903
4.230
4.415
5.121
5.322
4.491
6.326
6.398

€ (%)
1.104
0.897
0.728
0.592
0.481
0.390
0.317
0.258

& (%)
1.535
1.208
0.950
0.748
0.588
0.463
0.364
0.287

[@m T-tog®] m A ]
| 0.09024] 0.04289[ 11.08162] 0.9060|
Epoxy, Straight R=0.1 Curve Fits
o= 143250 A= 0.9060
€0 = 1.22 m= 11.08
Calculated s-N Curve Calculated e-N Curve
olo, -Log(o/oo) N o (%) N
1.011 -0.00476 1 129779 1
0.951 0.02176 10 105430 10
1.038 -0.01613 100 85650 100
0.558 0.25300 1000 69580 1000
0.558 0.25300 10000 56526 10000
0.558  0.25300 100000 45921 100000
0.558 0.25300 1000000 37305 1000000
0.454  0.34318 10000000 30306 10000000
0.454 0.34318
0.454 0.34318
0.349 0.45712
0.349 0.45712
0.349 0.45712
0.279  0.55403
0.279  0.55403
0.279  0.55403
0.244 0.61203
0.244 0.61203
[[am [tog®] m [ A ]
1 0.104121]-0.001131] 9.604254]  1.0026]
Epoxy, Pinked R=0.1 Curve Fits
o= 178810 A= 1.0026
€0 = 1.53 m= 9.60
Calculated s-N Curve Calculated e-N Curve
olo, -Log(c/o,) N o (%) N
0.980 0.00879 1 179276 1
1.025 -0.01054 10 141059 10
0.995 0.00198 100 110989 100
0.671 0.17321 1000 87329 1000
0.559 0.25239 10000 68713 10000
0.559 0.25239 100000 54065 100000
0.559 0.25239 1000000 42540 1000000
0.447  0.34930 10000000 33472 10000000
0.447  0.34930
0.447  0.34930
0.364 0.43948
0.364 0.43948
0.364 0.43948
0.280 0.55342
0.280 0.55342
0.280 0.55342
0.224  0.65033
0.224  0.65033



GEC I.D. SN5-422X
SAERTEX Carbon-Glass Triax / VE, "straight" ply drop

* MSU-measured values for modulus used in "updated” calculations.

coupon maximum  minimum frequency  Thickness E E
stress stress R or rate thin thick thin thick
psi psi value inch/sec  inches inches msi msi
SN5-422-105 162783 * 0.005 0.273 0.338 12.11 12.46
SN5-422-102 161001 * 0.005 0.276 0.348 10.69 10.86
SN5-422-103 160622 * 0.005 0.266 0.336 11.93 11.93
SN5-422-111 80000 8000 0.1 2 0.27 0.3385
SN5-422-120 80000 8000 0.1 2 0.274 0.3385
SN5-422-131 80000 8000 0.1 2 0.2565 0.31
SN5-422-119 65000 6500 0.1 3 0.2755 0.339
SN5-422-118 65000 6500 0.1 3 0.272 0.333
SN5-422-130 65000 6500 0.1 3 0.2455 0.31
SN5-422-106 50000 5000 0.1 2 0.267 0.3405
SN5-422-117 50000 5000 0.1 3 0.269 0.339
SN5-422-114 50000 5000 0.1 3 0.27 0.343
SN5-422-113 40000 4000 0.1 3 0.267 0.3365
SN5-422-107 40000 4000 0.1 3 0.278 0.341
SN5-422-108 35000 3500 0.1 4 0.266 0.336
SN5-422-112 35000 3500 0.1 4 0.267 0.338
SN5-422-109 30000 3000 0.1 5 0.268 0.3365
SN5-422-110 30000 3000 0.1 5 0.275 0.3435
[Average modulus = 11.58 11.75]
GEC I.D. SN5-424X
SAERTEX Carbon-Glass Triax / VE, "pinked" ply drop
* MSU-measured values for modulus used in "updated” calculations.
coupon maximum  minimum frequency Thickness E E
stress stress R or rate thin thick thin thick
psi psi value inch/sec  inches inches msi msi
SN5-424-104 163768 * 0.005 0.261 0.33
SN5-424-103 166371 * 0.005 0.262 0.343
SN5-424-111 166697 * 0.005 0.261 0.334
SN5-424-105 120000 12000 0.1 1 0.273 0.3455
SN5-424-122 120000 12000 0.1 1 0.241 0.32 11.32 11
SN5-424-106 100000 10000 0.1 15 0.2655 0.3265
SN5-424-112 100000 10000 0.1 1 0.264 1.007
SN5-424-119 100000 10000 0.1 2 0.265 0.33
SN5-424-110 80000 8000 0.1 1 0.2765 0.345
SN5-424-118 80000 8000 0.1 2 0.2765 0.34
SN5-424-107 80000 8000 0.1 15 0.259 0.323
SN5-424-117 65000 6500 0.1 2 0.277 0.347 11.81 12.9
SN5-424-120 65000 6500 0.1 2 0.267 0.333
SN5-424-116 65000 6500 0.1 2 0.275 0.342
SN5-424-109 50000 5000 0.1 2 0.255 0.324
SN5-424-108 50000 5000 0.1 2 0.265 0.329
SN5-424-113 50000 5000 0.1 2 0.262 0.33
SN5-424-114 40000 4000 0.1 5 0.27 0.342
SN5-424-115 40000 4000 0.1 4 0.272 0.332
[Average modulus = 11.57 11.95]

absolute
maximum
strain, %

1.39

1.37

137
0.721
0.721
0.721
0.594
0.594
0.594
0.463
0.463
0.463
0.373
0.373
0.328
0.328
0.282
0.282

absolute
maximum
strain, %

1.37817
1.400076
1.402819

1.045
1.05
0.886
0.886
0.89
0.721
0.72
0.721
0.594
0.594
0.594
0.463
0.463
0.46
0.373
0.37

Updated Modulus /
Strain Calculation

cycles delam
for full ~ strain Modulus* Maximum
width (msi) Strain
delam. (abs, %)
1 1.16 11.58 1.406
1 0.96 11.58 1.390
1 11 11.58 1.387
252 11.58 0.691
62 11.58 0.691
1050 11.58 0.691
427 11.58 0.561
890 11.58 0.561
8300 11.58 0.561
45000 11.58 0.432
9100 11.58 0.432
17000 11.58 0.432
220000 11.58 0.345
260000 11.58 0.345
1100000 11.58 0.302
300000 11.58 0.302
1700000 no delam 11.58 0.259
3000000 no delam 11.58 0.259
Updated Modulus /
Strain Calculation
cycles
for full Modulus* Maximum
width (msi) Strain
delam. (abs, %)
1 11.57 1.415
1 11.57 1.438
1 11.57 1.441
180 11.57 1.037
1200 11.57 1.037
921 11.57 0.864
400 11.57 0.864
1600 11.57 0.864
3800 1157 0.691
9000 11.57 0.691
2500 11.57 0.691
120000 11.57 0.562
30000 11.57 0.562
160000 1157 0.562
310000 11.57 0.432
130000 11.57 0.432
375000 11.57 0.432
1500000 delam 75% 11.57 0.346
650000 1157 0.346

Log(N)
0.000
0.000
0.000
2.401
1.792
3.021
2.630
2.949
3.919
4.653
3.959
4.230
5.342
5.415
6.041
5.477
6.230
6.477

Log(N)
0.000
0.000
0.000
2.255
3.079
2.964
2.602
3.204
3.580
3.954
3.398
5.079
4.477
5.204
5.491
5.114
5.574
6.176
5.813

& (%)
1.304
1.012
0.785
0.609
0.473
0.367
0.285
0.221

€ (%)
1.574
1.255
1.001
0.798
0.636
0.508
0.405
0.323

[@m T-tog®W] m A ]
[T0.170113[ 0.029069] 9.081603] _ 0.9353|
VE, Straight R=0.1 Curve Fits
o= 161469 A= 0.9353
€0 = 1.39 m= 9.08
Calculated s-N Curve Calculated e-N Curve
olo, -Log(o/o,) N o (%) N
1.008 -0.00352 1 151015 1
0.997 0.00126 10 117194 10
0.995 0.00228 100 90948 100
0.495 0.30500 1000 70580 1000
0.495 0.30500 10000 54773 10000
0.495 0.30500 100000 42507 100000
0.403 0.39517 1000000 32987 1000000
0.403 0.39517 10000000 25599 10000000
0.403 0.39517
0.310 0.50912
0.310 0.50912
0.310 0.50912
0.248 0.60603
0.248 0.60603
0.217  0.66402
0.217 0.66402
0.186  0.73097
0.186 0.73097
[[am Ttog®] m T A ]
1 0.098302[-0.041211[ 10.17278]  1.0995|
VE, Pinked R=0.1 Curve Fits
Go= 165612 A= 1.0995
€ = 1.43 m= 10.17
Calculated s-N Curve Calculated e-N Curve
olo, -Log(o/o,) N o (%) N
0.989  0.00486 1 182097 1
1.005 -0.00199 10 145212 10
1.007 -0.00284 100 115798 100
0.725 0.13991 1000 92342 1000
0.725 0.13991 10000 73637 10000
0.604  0.21909 100000 58721 100000
0.604 0.21909 1000000 46827 1000000
0.604 0.21909 10000000 37342 10000000
0.483 0.31600
0.483 0.31600
0.483 0.31600
0.392 0.40618
0.392 0.40618
0.392 0.40618
0.302 0.52012
0.302 0.52012
0.302 0.52012
0.242 0.61703
0.242 0.61703



Mosty Glass - Last Ply Out

One Ply Transition

SN5-332X

GEC G300
GEC G308
GEC G311
GEC G306
GEC G307
GEC G304
GEC G301
GEC G310

Mosty Glass - Last Ply Out

STRESS

THIN
psi
118736
118502
119159
40000
50000
60000
60000
80000

Two Ply Transitions

SN5-334X

GEC G103
GEC G102
GEC G101
GEC G100
GEC G109
GEC G105
GEC G111
GEC G110

STRESS

THIN
psi
105228
119098
107848
30000
30000
50000
50000
25000

THICK
psi
110076 *
110322 *
110382 *
37167
46153
55507
55986
74153

THICK
psi
98838 *

112268 *
100558 *
28114
28060
46657
46613
23515

R

R

CYCLES

1

1

1

0.1 950000
0.1 150000
0.1 17000
0.1 8000
0.1 40

CYCLES
1
1
1
0.1 290000
0.1 180000
0.1 100
0.1 400
0.1 1600000

THIN SIDE HAS CARBON

THIN
% strain
221
2.34
2.43
0.804
1.01
121
1.24
1.74

THIN SIDE HAS CARBON

THIN
% strain

1.8

2.09
1.92
0.53
0.53
0.899
0.845
0.44

THICK

% strain
2.53
2.45
2.49
0.75
0.93
1.12
1.16
1.61

THICK

% strain
2.23
2.55
2.31
0.64
0.64
1.15
1.06
0.53

MODULUS MODULUS

THIN
msi

5.366
5.064
4.888
4.87

5

4.93
4.759
5.148

THICK
msi notes
4.352
4.4957
4.437

4.45 0.185" DELAM AT RUNOUT

4.44 DELAM
4.505 DELAM
4.576 DELAM
4.289 DELAM

MODULUS MODULUS

THIN
msi
5.847

5.603
5.683

5.675
5.662

E-20

THICK
msi notes
4.439

4.357
4.374 DELAM
DELAM
DELAM
4.463 DELAM
4.41 RUNOUT

Log(N)
0.000
0.000
0.000
5.978
5.176
4.230
3.903
1.602

Log(N)
0.000
0.000
0.000
5.462
5.255
2.000
2.602
6.204

Calculated o-N Curve Calculated ¢-N Curve

N
1
10
100
1000
10000
100000

43714 1000000
36994 10000000

& (%)
2.331
1.972
1.669
1.413
1.195
1.012
0.856
0.725

Calculated 5-N Curve Calculated &-N Curve

N
1
10
100
1000
10000
100000

24965 1000000
19723 10000000

[ @m T-log®] m A
[__0.07249] -0.00074] 13.79499]  1.0017|
Mostly Carbon - 2 Plys / R=0.1 Curve Fits
Go= 118799 A= 1.0017
£ = 2.33 m= 13.79
eley -Log(ele,) N c (%)
0.950 0.02234 1 119003
1.006 -0.00248 10 100709
1.044 -0.01887 100 85227
0.346  0.46148 1000 72125
0.434 0.36241 10000 61037
0.520 0.28395 100000 51654
0.533 0.27331 1000000
0.748 0.12618 10000000
[@m T-logA] m A
| 0.102365] 0.032727] 9.768997]  0.9274|
Mostly Carbon - 2 Plys / R=0.1 Curve Fits
Go= 110725 A= 0.9274
€ = 1.94 m= 9.77
eley -Log(ele,) N c (%)
0.929 0.03178 1 102687
1.079 -0.03309 10 81125
0.991  0.00375 100 64090
0.274 0.56278 1000 50632
0.274 0.56278 10000 40000
0.464 0.33330 100000 31601
0.436 0.36020 1000000
0.227 0.64360 10000000

e (ll 0)
1.796
1.419
1.121
0.886
0.700
0.553
0.437
0.345



Mosty Carbon - First Ply Out

Two Ply Transitions

SN5-333X

GEC 810
GEC 804
GEC 805
GEC 801
GEC 808
GEC 807
GEC 803

STRESS
THIN

psi
140748
125603
80488
67073
110000
95665
67073

THICK

psi
132204 *
119178 *
75345
63393
103568
90000
62832

0.1
0.1
0.1
0.1
0.1

CYCLES

1

1

34765
2000000
22000
10000
3000000

THICK SIDE HAS GLASS

THIN
% strain

1.01
0.88
0.541
0.5

0.78
0.68
0.48

MODULUS MODULUS

THICK
% strain
1.07
0.91
0.6
0.55
0.81
0.71
0.49

E-21

THIN THICK
msi msi notes
13.889 12.404 FAILED ACROSS PLY DROP
14.223 13.044 EDGE SPLITTING, GRIP FAILURE
GRIP FAILURE
RUNOUT
EDGE SPLITTING
RUNOUT
RUNOUT

Log(N)
0.000
0.000
4.541
6.301
4.342
4.000
6.477

€ (%)
0.967
0.875
0.792
0.717
0.649
0.587
0.532
0.481

(Um) [ -Log(A) m A
0.04329] -0.00996] 23.09981]  1.0232|
Mostly Carbon - 2 Plys / R=0.1 Curve Fits
o,= 133176 A= 1.0232
€ = 0.95 m= 23.10
Calculated o-N Curve Calculated ¢-N Curve
eley -Log(ele,) N o (%) N
1.069 -0.02889 1 136264 1
0.931 0.03095 10 123336 10
0.572  0.24223 100 111635 100
0.529 0.27646 1000 101044 1000
0.825 0.08334 10000 91458 10000
0.720 0.14292 100000 82781 100000
0.508 0.29419 1000000 74927 1000000
10000000 67819 10000000
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