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Abstract:

Fiberglass composites have been used in thousands of applications since their inception in the late
1930's despite an incomplete understanding and characterization of their mechanical fatigue properties.
Wind turbine blades, which are the main focus of this research, experience between10"8 to10"9
significant fatigue (loading-unloading) cycles in their 20 to 30 year lifetime, and fatigue is a major
factor in their design. This thesis presents a detailed analysis of the DOE/MSU Composite Material
Fatigue Database, which has been developed over the last nine years. The database currently includes
over 6000 static and fatigue test results covering 148 different fiberglass materials and numerous
loading conditions. Trends in fatigue resistance with various materials and loading parameters are
explored, including: reinforcement fabric architecture, fiber content, content of fibers orientated in the
load direction, matrix material and loading conditions (tension, compression and reversed loading).

The results show unexpected transitions in fatigue resistance with fiber content and fabric architecture.
Transitions to increased fatigue sensitivity have been related to fiber packing characteristics through
detailed microscopy study. Material characteristics which produce maximum fatigue resistance have
been established. Very high cycle tensile fatigue behavior (109 cycles) has been explored with a novel
high frequency apparatus using impregnated strands. The strand data suggest a reduction in fatigue
sensitivity in the 10”8 to 10”9 cycle range, but a material endurance limit has not been seen. Larger
impregnated glass strands tested in excess of 108 cycles using conventional testing equipment provide
similar results to the smaller strands.

The study has also explored the application of the database to the prediction of the fatigue response of
small composite substructures representative of wind turbine blades. Thirty six I-beams were tested
under four-point bending. The beams were constructed of materials which showed a range of fatigue
resistance in the materials coupon tests. The coupon database accurately predicted the performance of
the beams when the failure modes were predominately tensile or compressive. Delamination of the
tensile flange in the beams with improved fatigue resistance materials, due to the increase in bending
loads and flange operating strains, provided less conclusive results. The effect of flaws
(through-thickness holes) was also explored. A second geometry, hollow tubes, was also explored in
conjunction with field tests on a small wind turbine. Twenty seven hollow tube test sections were tested
under four-point and cantilever bending. Due to the hollow tube geometry, the compressive buckling
behavior was the limiting static design parameter, and the obtained compressive strains in the tubes
were slightly lower than the database compressive strength values (which used very short specimens).
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ABSTRACT

Fiberglass composites have been used in thousands of applications since their
inception in the late 1930's despite an incomplete understanding and characterization of
their mechanical fatigue properties. Wind turbine blades, which are the main focus of this
research, experience between 10° to 10° significant fatigue (loading-unloading) cycles in
their 20 to 30 year lifetime, and fatigue is a major factor in their design. This thesis
presents a detailed analysis of the DOE/MSU Composite Material Fatigue Database,
which has been developed over the last nine years. The database currently includes over
6000 static and fatigue test results covering 148 different fiberglass materials and
numerous loading conditions. Trends in fatigue resistance with various materials and
loading parameters are explored, including: reinforcement fabric architecture, fiber
content, content of fibers orientated in the load direction, matrix material and loading
conditions (tension, compression and reversed loading).

The results show unexpected transitions in fatigue resistance with fiber content
and fabric architecture. Transitions to increased fatigue sensitivity have been related to
fiber packing characteristics through detailed microscopy study. Material characteristics
which produce maximum fatigue resistance have been established. Very high cycle
tensile fatigue behavior (10° cycles) has been explored with a novel high frequency
apparatus using impregnated strands. The strand data suggest a reduction in fatigue
sensitivity in the 10® to 10° cycle range, but a material endurance limit has not been seen.
Larger impregnated glass strands tested in excess of 10 cycles using conventional testing
equipment provide similar results to the smaller strands.

The study has also explored the application of the database to the prediction of the
fatigue response of small composite substructures representative of wind turbine blades.
Thirty six I-beams were tested under four-point bending. The beams were constructed of
materials which showed a range of fatigue resistance in the materials coupon tests. The
coupon database accurately predicted the performance of the beams when the failure
modes were predominately tensile or compressive. Delamination of the tensile flange in
the beams with improved fatigue resistance materials, due to the increase in bending
loads and flange operating strains, provided less conclusive results. The effect of flaws
(through-thickness holes) was also explored. A second geometry, hollow tubes, was also
explored in conjunction with field tests on a small wind turbine. Twenty seven hollow
tube test sections were tested under four-point and cantilever bending. Due to the hollow
tube geometry, the compressive buckling behavior was the limiting static design
parémeter, and the obtained compressive strains. in the tubes were slightly lower than the
database compressive strength values (which used very short specimens).




CHAPTER 1

INTRODUCTION

The selection of a material and prediction of the service lifetime for a fatigue
dominated structural design, whether using metal, plastic, or composite, is one of the
most difficult tasks faced by an engineer. Glass fiber reinforced plagtics (GFRP) have
been available for over 60 years and are presently incorporated into thousands of different
applications ranging from consumer products to aerospace applications. However, fatigue
research is time consuming and costly, and generally has been limited to the high
technology areas, such as aerospace and defense, which can support these costs. The
.availabﬂity of fatigue data for the wide variety of GFRP materials has generally been very
limited compared with carbon fiber composites used in aerospace. Furthermore, much of
the available fatigue data for GFRP is flawed hysteretic heat generated failures at high |
frequencies using thick materials, and very few results are at lifetimes greater than 10°
cycles for any composite system. This lack of fatigue information has led to apparent
fatigue failures and overly conservative designs.

"Wind turbine blades, such as those shown on the Bergey Excel 10 KW machine
in Figure 1.1, operate at up to 300 rpm and typically experience more than 10° rotations

over.their 20 to 30 year design lifetime. Typical complex fatigue loading which occurs in
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these blades is .shoqwn in Figure 1.2, recorded on the experimental Bergey Excell‘ 10 kW

machine at the Rice Ridge Renewable Energy Park operated by Montana Tech of the
University of Montana and Montana Sta'te University-Bozeman. Figure 1.3 shows an
Atlantic Orient Corporation (AOC) 15/50 wind turbine whose blades have been a focus
of portions of the present study; this turbine has.been installed at the Madison Valley
Distributed Generation Demonstration site. Mosf wind turbine designs use relatively
heavy, stiff blades which are designed to operaté at maximum strains in the range of a
few tenths of a percent, at most. While this approach may be necessary for the poorest of
the GFRP material systems, it results in costly, inefficient blades compared with the best
material systems fognd in the present study;

Variables which are generally manipulated in GFRP material systems include:
fabric reinforcement type, fiber orientation angle, matrix material, fiber volurﬁe fraction
and laminate lay-up (the sequence of plies of varying orientation). There is also a range of
" loading parameters to be studied, including various combinations of tension and
compression cycling (R value), high and low cycle ranges, and spectrum loading with

varying loads on each cycle.

The main focus of this research has been the development of a GFRP fatigue
database including the materials and loading parameters of interest to the wind turbine
blade application. Also, specialized strand tests are used to achieve higher cycle data than
has been previously reported. (It must be noted that wind turbine blades are one extreme
application of this fatigue research. Materials constructed and discussed in the database

could be applied to any other structural component.) Most of this research has been




summarized in References | through 17.

The database related study has also been extended to small substructural elements,
typical of wind turbine blades, which are shown in Figure 1.4. These blades can range in
length from 3.3 m for the 10 KW Bergey Excell to 49 m for the 3.2 MW Boeing
Aerospace turbine [18]. Reference [18] is a good overview of present wind turbine
technologies and their fundamental operating principles. These turbine blades have an
aerodynamic structural skin with internal stiffeners and spars which increase the rigidity

of the blade structure.

Figure 1.1. Modified Bergey 10 kW wind turbine at Rice Ridge Renewable Energy
Park. Insert shows special test section with tube specimens at the blade root.
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Figure 1.2. Maximum recorded turbine blade strains, Bergey 10 kW, 7.5
m/s wind speed.

Figure 1.3. AOC 15/50 wind turbine.
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The geometry and manufacturing of composite structures of this t}}pe can strongly
affect the performance of composite materials relative to simple test coupons used in the
database. Thus, this study has also included tests on a number of structural details and
substructures typical of blades, to explore the structural performance relative to
predictions from the database. Substrluctures included in this study are structural details,
such as ply drops for thickness tapering, incorporated into test coupons, as well as
structural geometries including hollow cylindrical tubes and I-beams. Future work will
include full scale. 8 m long AOC 15/50 blades which incorporate these substructures and
details.

Due to the large amount of data presented in the DOE/MSU Wind Turbine Blade
Composite Material Fatigue Database (hereafter referred to as “the database™), it is
suggested that the reader become familiar with the introduictory comments of the database
presented in Appendix A. Generation of‘ data for the database involved performing over
6,000 fatigue tests over a time pertod of approximately nine years, with many additional
substructure tests. The author hopes to focus the reader on the most significant aspects of

the database, fatigue testing and the mechanical fatigue behavior of fiberglass structures.




NREL 9.6 m long airfoil blade section

140 cm

AOC 15/50, 8 m long, typical cross section

81 cm

Smaller blade cross section

3>
35 cm

Figure 1.4. Typical wind turbine blade cross sections.



CHAPTER 2

FABRICATION OF MATERIALS

All of the materials manufactured at MSU for this study involved resin transfer
molding (RTM). This process produces a composite with uniform thickness, excellent
fiber wet out, low porosity and negligible fiber wash. It can also be used to produce
materials typical of related processes, including hand lay-up used for many commercial
blades. The process allows easy manipulation of ply Iay-up and fiber Volﬁme conte;lt and
produces more consistent material characteristics‘ as compared to hand laj/-up. A rigid and
consistent approach to m'anufacturing was adopted from the start of the program and was

applied to the RTM process to ensure consistent results.

Fabric Reinforcement

Stranded fabrics are available in a variety of stitched and woven architectures with
varying strand (tow) size and fabric tightness. Examples of these fabric architectures are

shown in Figures 2.1, 2.2 and 2.3 from Owens Corning Fabrics (formerly Knytex). Figure

- 2.1 shows a D155 unidirectional fabric which has a transverse (weft direction), polymer

. thread chain stitched to keep the fabric together. Figure 2.2 shows an A130 woven

unidirectional fabric. These strands are woven over a transverse polymer thread coated




10 mm

Figure 2.2. A 130 fabric.

10 mm

Figure 2.3 DB 120 fabric.
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with a thermoplastic adhesive which is melted and holds the architecture togethér.
Figure 2.3 shows a DB120 fabric which is a stitched #45° fabric. The +45° and - 45°
fabrics are individually stitched with a polymer thread and then the two are stitched
together to form the +45° fabric. Thicker and multiple angled fabrics are also constructed
using this process. The additional transverse stitching allows handling and placement of
the fabrics with very little fabric movement or tow rotation. Laminates are constructed
with individual layers (plies) or stitched multilayer fabrics as detailed in Figure 2.4.
E-glass fabric reinforcement was provided by (or purchased from) Owens Corning
Fabrics, Collins Craft Incorporated, and Brunswick Technologies Incorporated and was
delivered on 127 cm wide rolls. The fabrics were unrolled onto a table where rectangular
patterns were cut using a standard rotary fabric cutter, with the 0° fibers in the long
dimension to aid in resin flow and fiber wet out. Fabrics in most of this study were
limited to 0°, £45° and 0°/+45° stitched fabrics, which are summarized in Table 2.1.
These rectangular cut fabric patterns were then placed in the RTM mold and stacked és

per the specific ply arrangement desired.

Resins
Five different resin-s were used in this study: CoRezyn 63-AX-051, an unsaturated
orthophthalic polyester resin obtained from Interplastic Corporation, Derakane 411-C-50
and Derakane 8084 (rubber modified) vinyl esters produced by Dow Chemical Company,
Epon epoxy resin 9410 with 9450 Epon curing agent, a modified bisphenol “A” epoxy

resin system and liquid MDA based aromatic amine curing system obtained from Shell
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CT CT CcT
= a = +45° a=90°
0° ply +45° ply 90° ply

Laminate Stacking Sequence

[0/£45/0]
4X
Figure 2.4. Lamina (plies) and laminate description.

Chemical Company, and a toughened epoxy (two-phase acrylate modified) system, SC-
14, obtained from Applied Poleramic Incorporated. The mixing and cure schedules are
summarized in Table 2.2, as recommended by each respective manufacturer. Methyl
Ethyl Ketone Peroxide (MEKP) was the catalyst used by both the CoRezyn and the
Derakane 411C. The 411C and 8084 Derakane were the only resins which had to be
promoted with cobalt naphthenate (CoNap) and dimethylaniline (DMA) prior to mixing
with the MEKP catalyst. Trigonox 239A (2%) was substituted for MEKP in the Derakane
8084 which reduced the amount of foaming.

Most of the RTM composites in this study involved the CoRezyn polyester resin,
which is a common wind turbine blade manufacturing resin. The other resin systems were
chosen for specific properties like toughness and heat resistance, and due to their wide
commercial acceptance and general use in industry. The resin systems were initially

stored at approximately -15 OC until needed. The resin was allowed to warm up to room
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Table 2.1. Summary of E - Glass fabrics.

E - glass Description Total Dry Manufacturer
fabric weight thickness
g/m2 mm
A060 206 0.35
woven Q0
A130 444 0.53
A260 868 0.91
Owens
CDB200 0°/x450 759 0.86 Coming
CM1701  0°plusmat 587 0.78 Fabrics
DO072A 230 0.40
stitched 0°
D092 310 0.48
D155 527 0.53
DB 120 393 0.53
45°
DB240 837 0.86
DB400 1,349 1.24
uC1018v 0° 620 0.52 Collins Craft
TVM3408 0°/x450 1,150 1.42 Brunswick

Table 2.2. Summary of resin matrix materials.

Resin Catalyst Promoter Cure cycle
CoRezyn 63-AX-051 20 Py vol.
MEKP min. 4 hours in the mold
Derakane 4 11-C-50 1.5|f\1f|)EbIZF\>/oI. S:SOS/E,)/()CSII:];K +2 hours at 60°C
Derakane 8084 2% by vol. 6% CoNap min. 4 hours in the mold

Trigonox 239A +2 hours at 60°C

3 hours at 60°C
+5 hours at 1000C

Epon 9410 Epon 9450 - 35% by weight 10 hours at 80°C

SC14 100:35 A:B mix ratio by weight
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temperature, 18 to 22 °C, for 24 hours before mixing with MEKP or mixing the two
component Epon system. For the CoRezyn, if the room temperature was greater than

25 °C, the percentage of MEKP was reduced to 1.5% to ensure a minimum 30 minutes
before it gelled. The catalyzed resin was then pumped into the two center injection holes
in the aluminum baseplate using a peristaltic pump (Cole-Parmer Instruments Company
Model 7553) and silicone tubing. The resin was transferred to the mold over a 5 to 15
minute period, with pressures less than 150 kPa, depending upon fiber reinforcement lay
up, angle and fiber volume. Approximately 50 ml of resin was allowed to flow out of the
exit ports at each end of the mold to ensure that all the layers had been wet out. The pump
was then stopped and the center injection ports were plugged. The resin exit ports at the
ends of the mold were left open to equalize the resin pressure throughout the mold. This
action prevented pressure induced deflection of the mold faces, whic'h would vary the
thickness of the composite plate. The CoRezyn and<Derakane plates were removed from
the mold after a minimum of four hours from the time of the MEKP addition and placed
in a post cure oven at 60 °C for two hours. The Epon epoxy plates were injected and
directly placed in an 80 °C oven for ten hours and then allowed to cool down slowly to
room temperature overnight. References 19 and 20 provide a detailed discussion of the

resin transfer molding process used here.

Flat Rectangular Plate Construction

2
The most common flat rectangular plate resin transfer mold used in this study

consisted of a lower 13 mm aluminum baseplate with a gasket channel milled around its
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perimeter, as shown in Figure 2.5. This channel allowed the placement of a 13 mm by 13
mm extruded Buna N (nitrile rubber) gasket. The relative height of the top of this gasket
to the top of the baseplate could be changed by adding sheet metal spacers under the
gasket, allowing the thickness of the composite plate to be changed. A 13 mm thick
tempered glass plate acted as the top of the mold, allowing visual examination of the
mold filling process as the resin was injected into the mold. A positive seal was produced
between the glass, gasket and the aluminum plate with ten C-clamps. Steel blocks were
placed between the C-clamp heads and the glass plate to provide a bearing surface and to
prevent fracturing of the glass. The clamps were torqued to 35 cm-kg. This torque setting
was established at the beginning of the project and provided reproducible composite plate
thicknesses throughout the study. A second, fixed thickness mold was later constructed to
manufacture larger composite plates with dimensions 51 cm x 81 cm and a thickness of

3.15 £0.05 mm.

85 cm 1

Figure 2.5. Flat plate RTM mold.

Both inside surfaces of the mold were coated with external mold release agent F-
57NC, from Axel Plastics Research Laboratories Incorporated or Frekote 700 - NC mold

release agent by the Dexter Corporation. The aluminum plate was initially surface
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polished with 600 grit emery paper which produced an excellent carrier surface for the.
mold release. The mold release was applied over both the aluminum and the glass
surfaces using a small cloth and approximately 10 to 15 ml of mold release. The release
agent was then air dried for 15 minutes producing a viable film which lasted for 30 to 40
plates. When this film was exhausted, the mold surfaces were cleaned with acetone and a
new film layer was applied.

For composite plates with fiber volume contents greater than 0.5 or fabrics with
poor resin transfer channels, a special method of resin injection was developed. A special
process was necessary.to prevent fiber wet out problems, fiber wash in the mold or
injection pressures greater than 200 kPa, which was the capacity of the pumping system.
A layer of double sided mounting tape (Scotch 110) was placed between the glass and the
rubber gasket and initially, very lightly clamped (surface contact). The mold was then
completely injected with resin before the C-clamps were torqued up to 35 cm-kg. This
caused the foam tape to compress from 1.6 mm to approximately 0.4 mm, causing excess
resin to flow out the vent ports of the mold. The maximum fiber volume fraction

produced by this process was 0.67 with excellent fiber wet out with negligible porosity.

E - Glass Prepreg

Scotchply reinforced epoxy unidirectional prepreg, SP-250E, was also prepared as
coupon tabbing material, as well as a comparison material to some of the RTM materials. -
The storage and processing conformed to 3M Aerospace specifications. The prepreg tape

was stored at -15 °C and was allowed to warm up to room temperature before handling.
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The tape was cut into 29 cm long strips and placed on a 30 cm by 30 cm aluminum plate
where additional layers of prepreg were added to obtain thé required lay-up and thickness.
This prepreg preform was then transferred to two electrically heated platens in an Instron
8562 servo-electric testing machine. Teflon release film, bleeder cloth and a peel ply
sheet were placed between the two heated platens and the prepreg preform. The platens
were preheated to 120 °C. The preform was heated under contact pressure with the heated
platens for five minutes. The pressure on the preform was slowly increased over an
additional five minutes and finally held at 340 kPa. The temperature and pressure were
held for a period of two hours. At the end of this period the prepreg plate was taken out of
the heated platens and placed in a post-cure oven for an additional 14 hours at 120 °C.

The plate was then taken out and allowed to cool down to room temperature.

Industrial Supplied Materials

Materials were supplied by various wind turbine blade manufacturers for fatigue
testing and evaluation. Most of these materials were supplied as hand laid-up flat sheets,
and one manufacturer supplied a pultruded turbine blade from which test coupons
(material EE) were cut. In most cases, details of the resin systems or the reinforcing

fabrics used in these industrial composites were not available.

Machining

The edges of the RTM, prepreg and industrial plates were trimmed off to

eliminate any edge composition variability, ensuring representative, uniform material




16

properties. The trimmed plates were then cut to produce flat rectangular coupons for
testing. Thé plates were cut into 25 mm or 38 mm wide strips depending upon the
required coupon width. From these strips, at least two tensile and two compressive
coupons were cut. This stratified random sampling scheme, with replication, was
necessary to produce the required number of testing specimens and to achieve the
required statistical confidence in the experimental design. The plates were cut with a 20
cm diameter diamond coated blade rotating at 3,450 rpm (36 m/s), which was water
cooled and lubricated. The feed rate of the composite plates during cutting was less than
approximately 5 mm/second to ensure clean, perpendicular cut edges. Coupons which had
to be thickness or width tapered were dry machined with a three flute carbide router bit
rotating a;t 23,000 RPM. The final test coupons did not undergo any form of edge surface
modification or polishing, they were tested “as cut”. For materials which had a 12.7 mm
diameter hole, the holes were drilled using a four step process. An originating locator
hole was first drilled using a 3 mm diameter twist drill. This allowed for precise
placement of the hole center and minimized the amount of drilling induced delamination
damage. A second 7.9 mm diameter and a final 12.3 mm diameter twist drill followed:
Final preparations involved polishing the circumference of the hole with 240, 400 and

600 grit polishing cloths.

Test Specimen Geometries

Determining accurate and representative material fatigue properties involved a

number of tradeoffs. The material tests ideally would involve a representative material
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volume, require low forces to test (which prevents load transfer problems and grip
failures), a short gage length to achieve higher fatigue frequencies for a given hydraulic
capacity and a gage area of uniform axial strain where the material modulus can be
determined. Table 2.3 and Figure 2.6 summarize the nominal geometry of the test
coupons with relation to the mechanical test to be performed. These developed
geometries worked well in the static and fatigue tests performed on the MTS 880 and
Instron 8501,8511,8872 and 1350 testing machines. The coupons tested in the Instron
8511 and 8872, due to the machine capacity, had to have smaller coupon cross sectional
areas which are detailed in Figure 2.7. Additional tab material was added in the coupon
gripping areas to reduce the stress concentration generated by clamping the coupon and to

provide a wear surface between

Table 2.3. Summary of test coupon geometries.

Test % zero’sin  Coupon geometry Materials Gage Length
composite
Static tensile <50% rectangular, as cut  A-Y, AA, CH, 100 mm
and +20°-90°
fatigue at
+10° 160 mm
R=01 00
50% to 84% width tapered BE, CC, DD, 135 mm
FF, GG
100% thickness tapered AXXX, DXXX, 100 mm
CM1701
Static All cases rectangular, as cut All cases 13 mm

compressive
and fatigue at
R=10 and
R=-I
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the test specimen and the steel wedge grips. Additional tab material was bonded to the
coupons, when necessary, as the last step in the manufacturing process. The tab material
utilized in this study included electronic protoboard, fiberglass prepreg (0°/90° and +45°
lay-ups) and, with limited success, aluminum with chopped glass fiber mat. These are
summarized in Table 2.4. Different tab materials and adhesives were tried in order to
produce good failure modes in the gage length of the coupons while avoiding grip
induced damage or failures.

For tab material attachment, the areas of the coupon and the tab material surface
were lightly roughened with 180 grit emery cloth, cleaned with a sponge and water, and
air dried to produce clean bonding surfaces. Each surface was then smeared with a thin
layer (0.1 to 0.4 mm) of Hysol EA 9309.2NA adhesive and assembled. Paper binder clips,
50 mm wide, were used to apply pressure to the assembly a,n;i keep the tabs aligned. The
assembly was then cured in a convection oven at 60 °C for two hours, as recommended
by the adhesive manufacturers. This adhesive cure cycle also served as the coupon
material i)ost cure treatment. After curing, the clamps were removed and the tab faces
wére lightly sanded to remove any excess adhesive and to provide flat and parallel
clamping surfaces. The coupons were labeled for identification with a unique material
letter label and a sample number. The finished test coupon was then measured for its

average and minimum cross sectional area in the gage length using a Mitutoyo Digimatic

digital caliper, or equivalent, with a minimum resolution and accuracy of 0.01 mm.
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-200 mm
25 mm static tensile and .
R = 0.1 coupons top view
~ pr38 mm X tab material
[o-m—mmmmmem - il side view
*
static tensile and R = 0.1 coupons .
38 mm for width tapered coupons top view
I u— t
22 mm X"R- 280 mm
i (L] side view
tab material
. I
Zvjwrum
25 mm static tensile and R = O | coupons top view
for thickness tapered coupons
i - -
side view
0.6T
) 100 mm *
25 mm static compressive, R=10 :
and R = -1 test coupons top view
side view

Figure 2.6. Test coupon geometries.
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. 9 mm diameter
tab material

6 mmil 15 Top View

\* 25 mm 1

m/5 mm

Side View

Figure 2.7. Instron 8511 and 8872 test coupon geometry.

Table 2.4. Summary of Tab Materials.

Material Description
Radio Shack catalog number 276-1396, 1.6 mm epoxy sheet with | mm
Protoboard . . .
diameter holes spaced 2.5 mm in a rectangular grid.
. _ aro
Fiberglassl Plastifab G 10, 1.6 mm, [0/90]7, V= 35%.

With and without 100 tapered ends.
Fiberglass 3M SP250 prepreg, [+45]10 V£= 55%.

6061-T6, 2.5 mm with 10° tapered ends with resin impregnated
chopped mat (170 g/m2) between the aluminum and the composite.

Imost common and most successful tab material used in this research

Aluminum

| - Beam Construction
Most of the developmental work on the composite I-beams and their initial
construction was detailed by Combs [21] and involved Beams | through 5. The basic
construction of the beams involved the resin transfer molding of two fiberglass C-
channels, which were then secondary bonded together to form a I-shape. Flange material
to be tested was then attached to this I-shape. For the C-channel mold, the glass fabric

reinforcement was cut into 12 cm by 91 cm rectangular patterns and placed on the lower
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injection
external mold ring ports
and gasket gasket
25 mm
top glass plate
“T
57 mm
bottom - I I
exit port' aluminum 2.2 mm
plate

Figure 2.8. C-Channel RTM mold.

mold, which is shown in Figure 2.8. The external mold ring was then placed on top of the
fabric and carefully pushed over the lower mold to create a C shape. The glass top plate
was then placed on top and clamped down using twelve C-clamps torqued to 17 cm-kg.
This mold was then injected identically to the large flat plates previously described. The
two C-channel exterior web faces were lightly sanded with 180 grit emery cloth and
wiped clean with a sponge and water. After air drying, the two C-channels were bonded
together to form an !-section. The adhesive used exclusively during this I-beam study was
Hysol EA 9309.2NA; it was cured using the manufacturers recommended procedures.
Beams numbering 30 and higher involved an !-channel mold which is shown in
Figure 2.9. This mold operated exactly as the C-channel mold, but eliminated sanding and
the other intermediate steps involved with secondary bonding of the two C-channels; it
produced an !-section with less dimensional variability. Previous dimensional variability
was caused by surface sanding and a poorly controlled adhesive layer thickness. Table 2.5

summarizes the beams and the different !-shapes used. To this !-Section was added
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additional shear and torsional stiffeners in the load reaction areas to prevent shear failures
between loading points. These additional elements are summarized in Table 2.6. Flange
material on this !-Section was manufactured using the large flat RTM mold, cut up into
54 mm by 760 mm flange test sections, lightly sanded on one side and bonded to the I-
Section external flanges. Load pads were then attached to the flanges. These pads were
necessary to provide a wear surface for fatigue and to distribute the loading. Surfaces
which were bonded together were mechanically clamped using C-clamps and load
transfer bars, while the adhesive cured over a 24 hour period at room temperature. The
completed beam was then post cured at 60 °C for two hours. The load pads on the beam,
shown in Figure 2.10, were then machined in a vertical milling machine so that they were

perpendicular to the web and parallel to the flange plane.

bottom
plate

side
2.9 mm plates

Figure 2.9. Web !-section RTM mold.
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Table 2.5 Summary of web I-shapes used in Beams 6 through 59.

Web Average thickness, mm Vp,%
Web lay-up  database
material Web Flange2 Web Flange
(+45)3 CHIO 53 (0.11)1 2.3 (0.14) 34 33

(£45/0/+45)s  CH3 55 (0.16) 2.1 (0.21) 30 31
(#45/0/+45)s  CHI12  3.0(0.10)  1.6(0.19) 34 28
(0/+45/0)s DD5 3.0 (0.13)  16(0.13) 33 28

'Numbers shown in parenthesis are the sample standard deviation.
2Flange portion of the web I-shape, not the total flange.

610 mm

381 mm

>Load pads

Compression flange”

Tension flange

Shear stiffeners
Torsional stiffeners

Load pads

Figure 2.10. Assembled I-beam.
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Cylindrical Tubes

The tapered cylindrical tubes were manufactured by placing the fabric around a
two piece tapered steel mandrel, one ply at a time, with no circumferential overlap. The
fabrics were held in place by tacking small areas of the fabric surface with 3M spray
adhesive number 77. The 45° plies were placed on the mold individually, which
required removing the stitching thread (de-coupling) from the +45° fabrics. With the
completed lay-up on the steel mandrel, this section was then placed in a two piece clam-
shell (external) mold. The ends of the mold were then sealed and filled with resin. After
two hours, the mold clamping bolts and the internal mandrels were removed. After an

additional four hours, the external mold was separated and the tube removed. This mold

Table 2.6. Summary of additional beam components.

Beam Lay-up  Fabric V¥  Thickness Drawing
Component
Shear (x45), DB400 0.40 8.5 mm [A— 295 mm  ——--mmm- i
stiffener 56 15 mm radius?)
- 240 mm — 4
Torsional (x45)* DB400 0.40 8.5 mm
stiffener T 56 mm-—— >
£
E
S

Load Pad  (+45),, DB400 0.42 16 mm
37 mm —4

h=----- 82 mm - 4
width = 54 mm
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is shown in Figure 2.11. These tubes were then attached to structural load transfer ends,
which allowed the tube to be tested. The details of these aluminum 2024-T3 ends are
shown in Figure 2.12. The ends consisted of an internal plug which was inserted and
attached to the tube end using Hysol EA 9309.2NA adhesive. The aluminum ends were
prepared for bonding following the ASTM standard D2651 involving P-2 etchant, Turco
4215NC-LT alkaline cleaner and acetone. Prior to the bonding of the exterqal ring,
approximately ten meters of glass roving was impregnéted with polyester and wrapped
around the ends of the tubes to aid in filling the space between the tube outside diameter
and the inside diameter of the external ring. After curing the polyester, the external ring
was attached and the void space filled with the Hysol adhesive. The entire assembly was

then post cured at 60 °C for two hours. The finished assembly is shown in Figure 2.13.

Fiber. Volume Fraction (V) Determination

In all the composites, the percentage of glass reinforcement was determined by the
matrix burn off method described in ASTM D2584. This process involved taking a
known volume of composite material and placing it in an electric muffle furnace at a
temperature of 550 °C for one hour or until all of the carbon on the glass fibers had been
removed. This glass reinforcement was then weighed on a Ohaus 1500 D digital balance
with a resolution of 0.01 grams or a Sartorius BP210S digital balance with a resolution of
0.0001 g. The glass volume was calculated by dividiﬁg the glass fiber mass by a
confirmed glass density of 2.56 g/cm®. This glass volume divided by the original volume

/
equaled the fiber volume fraction. The only deviation from the ASTM standard was the
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“— 25 mm

44 mm

--------- 305 mm
tube thickness = 3.1 mm

Figure 2.11. Cylindrical tube RTM mold.

Internal end

External ring

89 mm diameter bolt circle
6-13 mm diameter holes
60 degrees apart

Top view

i-34 mm-j

38 mm diameter

(end of taper)® 6mm

radius

13 mm

4}

13 mm
S mm

Side view

Top view
L— 56 mm— »
6mm
radius |
| | | S
k—49 mm —*
Side view

Figure 2.12. Aluminum 2024-T3 tube end fittings.
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amount of material to be used in the burn off test. The standard requires five grams of
material which works well with uniform, thin plied prepreg materials, but it was felt that
the ASTM standard would not generate a representative average fiber volume fraction
due to the coarse architecture, size and spacing of the fiber bundles in the stitched fabrics.
Thus, a greater amount of material, 15 to 25 grams, was used. This fiber volume fraction
was associated with the average thickness of the burn off specimen. If there was a

difference between this thickness and the average thickness of the tested coupons, a linear

Figure 2.13. Tube testing assembly.
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(0/t4520) - D155, DB120

,(t45/0/t45) - D155, DB240

(M 5/0/t45) - D155, DB120
30 — (0).-D 155 —

Composite material thickness, mm

Figure 2.14. Fiber volume content versus RTM composite thickness.

adjustment to the fiber volume fraction was made and recorded. Figure 2.14 shows the
fiber volume content versus thickness for different lay-ups studied. Generally, the Vf
varied only by | - 2% between the average thickness of the burn off specimen and the
tested coupons. Quantitative microscopy using Jandel Scientific Incorporated, Sigma
ScanPro software was also used to determine the fiber volume content and porosity of

smaller cross sections.



CHAPTER 3

MECHANICAL TESTING EQUIPMENT

The static, fatigue and four point bending tests were performed on nine different
testing machines listed in Table 3.1. The Fiber Testing Apparatus used a unique audio
speaker as ﬁn actuator and an Instron 8500 electronic console to provide control and
feedback. Approximately 80 percent of the tests were performed on the Instron 8501, five
percent on the MTS 880 with the remainder of the tests on the other machines. The MTS
440 structural testing system has interchangeable actuators which were used in cantilever
fatigue tests of the cylindrical tube sections. All the hydraulic machines utilized 21 kPa
hydraulic pressures. The testing machines had their respective transducers: load cell,

extensometer and actuator LVDT, calibrated to their respective ASTM standards.

Load Cells
The load cells in each of the mechanical testing machines, along with their
associated readout electronics, were calibrated as a complete system following the
standards in ASTM E4 and E74. These procedu;es were also used for additional piggy
back load cells used with lower force tests. These ASTM standards allow a maximum of
+] percent error. The Instron 8501, 8562, 8511 MTS 440 and 880 had maximum errors

less than +0.4 percent during the entire duration of this study. The load cells were
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Table 3.1. Summary of mechanical testing equipment.

Machine Actuator control Capacity Stroke Servo v_alve
capacity
Instron 1350 Servo hydraulic 98 kN 51 mm 0.32 L/s
Instron 8562 Servo electric 100 kN 51 mm
Instron 8501 Servo hydraulic 100 kKN +51 mm 0.64 L/s
Instron 8511 Servo hydraulic IOkN +25 mm 0.32 L/s
Instron 8872 Servo hydraulic 20 kN +51 mm 0.64 L/s
MTS 440 Servo hydraulic 50, 100 KN £75, £127 mm  0.64, 0.96 L/s
MTS 440A1 Servo hydraulic 50 kN +267 1.92 L/s
MTS 8802 Servo hydraulic 250 kN +140 mm 0.64 L/s
Fiber Testing electric ION +3 mm
Apparatus 22N +4 mm

1- The original 406 test controller was replaced with a new digital 407 controller
2- The original 880 controller was retrofitted with Instron 8500 Plus electronics

calibrated or verified every four to six months using standard calibration cells calibrated
through Morehouse Instrument Company and by additional ASTM E617 Class |
precision dead weights, calibrated directly against secondary national standards. The dead
weights were necessary to calibrate the load cells in the zero to two kN range where the
extensometers were used to measure the initial elastic modulus of the test coupons; they
consisted of ten separate 44.48 N weights. The standard test weights were not corrected
for gravimetric differences between the standards calibration laboratory and the testing
machine locations, as this effect was considered negligible. Smaller, NIST (National
Institute of Standards and Technology) traceable weights under 10N, were also employed
to calibrate equipment which operated in these lower ranges. The load cells used in the

testing machines are listed in Table 3.2.
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Table 3.2. Summary of Load cells.

Machine Load Cell Capacity Manufacturer Serial Number
Instron 1350 100 kN Lebow 3116-136, sn 2133
Instron 8501 IOOKN Instron, sn UK515
Instron 8511 22 kN Sensotec, sn 336154
Instron 8562 100 kN Instron, sn UK 517
Instron 8872 25 kN 2527-101,sn 10787

MTS 440 45 kN MTS 661.21, sn 442

100 kN MTS 661.21, sn 585
250 kN MTS 661.22, sn 461

MTS 880 250 kN MTS 380041-04, sn 69
General Use 2.2 kN. Lebow 3132, sn 8796
(Piggy back) LI kN Interface 1010AJ-250-B, sn 103726A
Fiber Testing 4.45 N Omega Engineering Inc.

Apparatus LCL-454G, 981077894

9.8 N Omega Engineering Inc.
LCFA-1KG, 970805
22.2 N Omega Engineering Inc.

LCL-005, 05993101-016

Extensometers

Contact extensometers and their associated electronics were directly calibrated
and verified to ASTM E 83 and classified as class B2 extensometers with a maximum
error of £ 0.5 percent. The seven extensometers used during this study are summarized
below in Table 3.3. The extensometers were calibrated using a Boeckeler Instruments
mechanical micrometer model 4-MBR which had a resolution of 0.0005 mm (0.5 pm)
and a certified maximum error of 0.00033 mm (0.33 pm). A Mitutoyo IDC - 112E digital
gage with a resolution of 0.001 mm was also used. The gage length was measured with an

optical microscope calibrated with a Nikon MBMI 1100 objective micrometer.
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Table 3.3. Summary of extensometers.

Extensometer S/IN Range Gage Length Machine
2620-524 6236 +5mm 12.70 mm Instron 1350
2620-525 6237 +5mm 12.70 mm Instron 8501
2620-528 8405 +5mm 12.70 mm Instron 8501
2620-824 185 +5mm 12.70 mm Instron 8501
2620-826 251 + 2.5 mm 12.70 mm Instron 8501
2620-528 8405 + 1.3 mm 12.70 mm Instron 8511

632.12B-20 430 +13/-2.5 mm 25.40 mm MTS 880

The gage lengths of the extensometers were checked with this digital gage and an
optical microscope as described in ASTM E 83 using the indirect method. During tensile
strain measurements, the extensometer was attached to the edge of the test coupon, or
when possible, on the face of the coupon using rubber bands. When placed on the face of
the coupon, it was necessary to attach two pieces of self adhering 240 grit polishing paper
(extensometer mounts) to prevent the knife blades from slipping and to prevent the blades
from damaging the composite surface. The knife blades were sharpened or replaced when
they were damaged or failed to track the composite surface strain. Generally, the
extensometer was removed prior to catastrophic failure of the test specimen to prevent
damage to the device. The extensometer was not used during compression tests due to the
short gage length of the compression coupon and the possibility of extensometer damage,

so strain gages were generally used instead.

Actuator Position (LVDT)

The actuator position was calibrated using a C D 1J4-C100-5000 mechanical
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displacement gage with a resolution of 0.0254 mm (0.001 inches). Gage blocks were used
to check displacements and set compression gage lengths (12.70 mm). The gage blocks
were of grade A+ or better. Although no ASTM standard was referenced for this
procedure, the maximum amount of error was less than -l__-l percent over the entire actuator

travel range.

Strain Gages

A Measurements Group Incorporated 2100 -system strain gage conditioner and
ampliﬁer system with eight strain channels was used to measure strains. The strain gages
were calibrated using the internal shunt calibration of the 2100 system. This active gage
method of calibration and operation used a three lead wilre circuit as recommended by
Measurements Group TT-612 technical bulletin aﬂd conformed to ASTM E251. A
minimum wire gage of 26 was used for connecting the gages to the instrumentation and
the total length of connection wire was minimized to reduce lead wire resistance effects.
In all cases, the excitation voltage was 2.000 Vdc with 120 and 350 ohm strain gages.
Electronic gains of approximately 500 were used for strains up to 13.6 percent and gains
of 5000 allowed measurement of strains up to 1.36 percent. Generally, one quarter
Wheatstone bridges were used for strain measurements. The strain gages used in this
study are summarized in Table 3.4. In all cases, the life of the strain gage was limited to a
few hundred cycles, as matrix cracks on the surface of the composite opened and

damaged the strain gage, as shown in Figure 3.1 from Beam 29.




34

Table 3.4. Summary of strain gages.

Company Catalog Number
BLH FAE-25-35-S13EL1
FAET-2SA-3S-S13
PA-7

CEA-00-250UW-3501
Micro-Measurements EA-OO-015EH-350
EA-06-250-BF-350
ED-DY-125AD-350
WA-00-015-EH-350
WK-06-250AF-350
WK-00-250-BG-350

1- These gages had the longest lifetimes

underlying matrix cracks
futting strain gage foil

Astrain gage
foll

T

Figure 3.1. Strain gage photograph showing tensile strain
cracks.
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Using éxtens-ometers on the fatigue coupon for extended periods caused damage
and subsequent failure of the coupon, as the knife edges of the extenson;eter dug into the
coupon. Thus measurement problems were addressed with the development of strain clips
which are shown in Figure 3.2. These devices reduced the runniﬁg strain that the strain
gage experienced, which prevented fatigue failure of the gage and eliminated strain gage
failure by matrix cracking. Of the many methods tried to measure the fatigue running
strain of the composites, this method yielded the best results. The clip gage was
manufactured from 0.15 mm brass (C26000) shim stock, using a one half Wheatstone
strain gage bridge with temperature compensation which minimized any material thermal
mismatch and produced a durable gage. An additional aspect associated with this gage
was that it initially had to be calibrated on each specimen with an extensometer or another
strain gage on the composite surface. Adhesives used to bond the strain gages to the
composite surface included Loctite 496 cyanoacrylate ester and Micro-Measurements

Incorporated M - Bond AE 15 epoxy resin. The AE 15 was used when the expected

strains were greater than two percent.

Testing Machine Load Train Alignment

Alignment of the load train of the mechanical testing machines was critical to
ensure a uniform stress distribution across the test coupon, especially during compression
tests. The grip and actuator travel centerline was adjusted to conform to ASTM E3039
even though the main standard concerning alignment is detailed in ASTM E1012. ASTM

E1012 does not address the acceptable amount of bending in a testing setup, whereas
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tension compression

Figure 3.2. Clip strain gage.

ASTM D 3039 addresses it as an additional aspect to composite testing. Table 3.5
summarizes the available standards and their recommended allowable bending strains.
The amount of bending during an axial test must be minimized, but it cannot be totally
eliminated, so every effort was made to limit the amount of bending strain to less than
five percent of the axial strain. The load train alignment had to be checked every time the

hydraulic grips were removed from the machine or just prior to compression testing.

Table 3.5. Summary of applicable bending standards for uniaxial testing machines.

Standard Maximum allowed bending strain
(% of axial strain)
ASTME 1012 Not stated
ASTM D 3039 5%
General Electric S-400 10% for ductile materials

5% for brittle
Military Standard 1312B 6%
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To measure the amount of bending, four strain gages were placed on a thin (3
mm) rectangular, 4130 steel, coupon, as per ASTM D3039. The 3 mm thick b'y 50 mm
wide steel calibration coupon was chosen as it was similar in dimensions to the fiberglass
coupons. Although aluminum could yield higher sensitivity, gripping indentation by the
steel grip faces could influence the results. The coupon was loaded up to a calibration
load of 53 kN and the maximum amount of bending was calculated using the equation in
Section 10 of ASTM D 3039. This maximum load, 53 kN, was used to prevent yielding
of the calibration coupon. If the amount'of bending strain was greater than five peréent of
the axial strain, the load train of the testing machine was adjusted. This alignment
procedure was performed with the actuétor at the position it was to be used during the
material test to ensure test alignment. The hydraulic wedge grip faces were cleaned and
freshly coated with MolyKote molybdenum disulfide lubricant between the. grip body and
the grip faces. Required cleaning of the grip faces was necessary as the fatigue tests wore
down the lubricant and produced a hard black film between the grip face and the grip
body. This film, if not cleaned and replaced regularly, caused angularity of the grip faces

and nonuniform grip pressures and, therefore, grip misalignment.

Fiber Testing Apparatus

Standard testing machines are limited in their frequency and displacement
response by low force noise and hydraulic oil pumping requireménts. Testing to high
cycles requires high frequencies to be practical, and high frequencies can only be used for

very thin specimens to avoid hysteretic heating. In order to test a very small tow of 45
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glass fiber§ to one billion cycles (or more), it was necessary to build a separate testing
apparatus. The required maximum load was less than 15 N, and the desired frequency
was 200 to 300 Hz (or higher). The Instron 8511 was used to test the D155 tows to. 10% to
10° cycles, but the maximum aC(;eptable frequency was judged to be only 80 Hz, and one
test required 97 days. A new apparatus was constructed using a standard 25 cm diameter
audio speaker (Radio Shack 40-1028) as the actuator. A second apparatus using a 30 cm
diameter speaker (Radio Shack 40-1029) was later constructed.

A grip for load transfer to the coupon was constructed out of carbon fiber to
minimize the grip mass (18 g with bolts). The test coupon was gripped in a sandwich
friction grip system whére two bolts clamped the grip assembly around the coupon. Self
adhesive 1000 grit polishing paper- lined the internal surface of the grip plates to ensure
coupon gripping with the low clamping pressures generated by the 2 mm diameter
clamping bolté. This low clamping pressure also minimized any clamping damage to the
coupon. This grip assembly was then bonded to both the speaker dome and the cone with
Plexus AO425 adhesive. The upper grip assembly was bolted to a bending beam load
cell, which completed the load transfer path. This testing apparatus is shown in Figure 3.3
-along with the coupon geometry. The crosshead was moveable by two 6 mm bolts, which
were used to apply the mean cyclic load to the tést coupon. An Instron 8500 electronic
display tower was used to condition the load cell. The aisplay also provided a sine wave
frequency and cycle counting for the test. The Instron electronics were only capable of
providing a low power frequency output up to 200 Hz, which was used as an -audio input
to an 80 watt amplifier to power the speaker. For frequencies greater than 200 Hz, a

separate frequency generator was used.
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Crosshead

Load cell

Grips

25 cm diameter speaker

Acoustical foam

Test coupon assembly Cyanoacrylate (Quick Gel)
1 25 mm
1 Paper tabs
|25 mn Impregnatedl
strand Silicone adhesive

Figure 3.3. High frequency strand testing apparatus and test coupon geometry.
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CHAPTER 4

TESTING AND TEST DEVELOPMENT

Coupon Tests

Unless noted, all fatigue tests were run at constant load amplitude with a sine
waveform. Individual test coupons were selected from all available test coupons using a
simple random sampling without replacement scheme, for static and fatigue tests at the

different R values. The fatigue test R value is calculated by:

inimum cyclic stre
RValue=Mlm yelic stress

Maximum cyclic stress “.1)

The three most common R values used in this study were: R=0. 1, 10 and -1. The
relationships of stress, or strain, versus time for a sine waveform for these R values are
shown in Figure 4.1. When additional test coupons were néeded from two or more
material plates, every effort was made to randomly select coupons from all the different
material plates prior to initial testing to ensure a random selection from all the possible
test material. For all the tensile tests, static and fatigue, an initial material elastic
modulus, E, was calculated by taking the least squares fit of at least five evenly spaced
axial stress-strain data points at total étra.ins less than approximately 0.12 percent. This

procedure allowed for modulus calculations with little, if any matrix cracking-and to
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ensure no extensometer slippage. The extensometer was used to obtain the initial fatigue
running strain of the coupon and then removed to prevent damage to the test coupon.
Compression tests utilized strain gages for the static tests and the fatigue tests used the

average material modulus to calculate the fatigue running strains.

R = 0.1, Tension - Tension

R = -1, Tension - Compression

R=10, Compression - Compression

Figure 4.1 Constant stress amplitude sine waveforms for different R
values.

Tensile Tests
A minimum of three static tensile tests were performed for each material, with the
testing machine under displacement control, using a linear displacement - time ramp rate
of 13 mm per second. This ramp rate provided similar strain rates to the fatigue tests.
Figure 4.2 shows typical stress-strain diagrams for material DD5P for different testing

rates. Figure 4.3 shows the trend of ultimate tensile strength versus the testing
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displacement rate. The testing rate does significantly influence the static tensile ultimate
strength, but does not significantly alter the elastic modulus over the strain rate range of
2.5x10"5to 1.27 x 10"1 The effect of coupon width was also studied and is shown in
Figure 4.4. As long as the coupon width has a representative number of fiber bundles to
minimize the effects of edge bundles, thicknesses greater than approximately 20 mm

showed little sensitivity in ultimate tensile strength.

12.7 mm/s
2.5 mm/s
0.25 mm/s
w 600
0.025 mm/s
to 500
m 300

1.5 2.0
Tensile strain, %

Figure 4.2. Stress-strain curves for material DD5P at different testing rates.

Most of the tensile tests were performed without computer data acquisition and
relied upon the testing machine instrumentation to accurately record the maximum load
applied to the test coupon. This method was periodically checked with an HP 5452A 500
MHz digital oscilloscope with no noticeable problems. With the ultimate tensile strength

calculated, the first fatigue test was then run at approximately 60 percent of the static
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Figure 4.3. Tensile strength versus testing displacement rate
(25 mm wide coupons with a 100 mm gage length).
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Figure 4.4. Tensile strength versus coupon width (100 mm gage length, 13
mm/s testing rate).
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strength, usually at an R value of 0.1. This fatigue data point was then used to

approximate the fatigue sensitivity coefficient b from the linear semi-log relationship [2]

Si:1 - b Log N 42)
0
where S is the maximum stress, S, is the single cycle strength and N is the total cycles to
failure. This equation was used to determine all stress levels of an S-N date‘t set. Stresses
were picked to obtain fatigue failures in each log decade (2, 3, 4, 5, 6 and 7) of the fatigue
semi-log plot to accurately determine the fatigue trend. Test coupons were then randomly
assigned to these stress levels, with a minimum of three coupons per stress level. These
coupons were then tested in their assigned order. Most materials were tested to beyond
10° cycles, with some more fatigue resistant materials tested to the 10 to 10 cycle range.
Fatigue tests used a sine-wave cyclic waveform with the testing machine under
load control, with active amplitude control, which increased the iﬁternal gain of the
machine as the coupon compliance changed during the testing. The frequency of the
waveform was varied approximately inversely with the maximum stress level, which
maintains an approximate constant load fate.. This limits the hysteretic heating within the
coupon at higher loads and prevents thermal failures. The frequency was varied between
1 and 20 Hz in most cases. All the test coupons were ambient air cooled with an air flow
velocity of approximately two meters per second measured one cm away from the coupon
surface. This limited the maximum coupon surface temperatures to less than 5 °C above

ambient room temperature. Surface temperatures of the composite were monitored
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throughout the test using a Omega Engineering Incorporated HH23 digital thermometer
with a Cole-Parmer E-08533-96 fast response thermocouple, with a time constant of 0.1
seconds. All the tests were performed at ambient room temperatures, 15 to 27 °C, and at
low relative humidities, 10 - 50%, unless otherwise indicated.

Generally, the test coupons were not removed from thé hydraulic grips once the
fatigue test was started. Occasionally, tests were stopped and the test coupon removed for
examination. The coupons were then placed back in the grips and testing continued.
Fatigue té:sts were generally performed until coupon failure, which was defined as the
inability of the coupon to sustain the applied fatigue loading. Some of the tests were
stopped before coupon failure (and after a large number of cycles) due to testing and time
constraints. These coupons were labeled as “run outs”. With the completed fatigue
diagram, the fatigue sensitivity coefficient b was then calculated using a least squares fit
of the data points an a linear stress versus log cycles to failure plot, assuming equation
(4.1). The goodness of fit coefficient of the least squares fit was generally greater than

0.96. This testing procedure was then repeated for different R values (R = 10, -1).

Tensile Test Development

Most of the test development involving the tensile coupons was done in
redefining a suitable geometry which minimized mechanical grip induced failures and
produced fati gﬁe failures in the gage length. Geometries different than the flat rectangular
coupons with tapered tabs in the gripping areés, as described in ASTM D3039 and shown

in Figure 4.5, were studied. It should be noted that ASTM D3039 was changed in 1993 to
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allow the optional use of coupon tabs, which was done so that the test standard would be
technically equivalent to the European I1SO 527 standard. This process was necessary, as
the initial number of grip induced failures (using the earlier coupon geometry), was quite
high, which is a common testing problem [22 to 25]. It is unlikely that a universal test
coupon geometry could be developed which would work for all the composite lay-ups;

therefore, it was necessary to design specific test geometries for different lay-ups.

38 mm Gage length plus 38 mm
2X coupon width min.
Top view
Side view

> 5 deg.

Figure 4.5. ASTM D3039 tensile test coupon geometry.

The highest percentage of grip failures involved the unidirectional, 100% Q0
fabric, materials. The best testing geometry found for these materials involved tapering
the thickness of the coupon by at least 40 percent. When tested, the thickness tapered
coupon did start to delaminate at the shoulder, tending to create a rectangular cross
section, but the delaminations stopped at the point where the coupon was clamped in the
hydraulic grips. This method of thickness tapering was similar to placing additional tab
material on the rectangular ASTM D3039 coupon, but during initial fatigue experiments

with tabs, tab failures occurred, as the adhesives used to bond the tabs onto the coupon
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failed. This type of failure did not occur with the ‘éhickness tapered coupons. It was
assumed that slight thickness-direction (Z direction) waviness in the glass fabrics created
some additional through-the-thickness reinforcement, and thus more shear resistance as
compared with bonded tabs. Adams and Finley [26] labeled these cracks “thickness taper
release cracks” in compressive coupons and believed that these cracks reduce the stress
concentrations associated with the taper radius and gripping effects. It is assumed that this
same beneficial effect occurs in the tensile coupon geometries tested in this study.
Thickness tapering only worked for unidirectional materials. For materials with
additional ply orientations, a width taper, resulting in a cross sectional area reduction of
approximately 40 percent, or more, proved acceptable and minimized the number of grip
failures. Careful width selection ensured that a representativ'e volume of material was
present in the gage section. This geometry still had grip failures, especially with high
percentages of zero fibers in the load direction and fiber volume fractions greater than
0.35. Most of the coup'ons with grip failures did have other damage nucleation sites all
over the gage length before final failure. Width tapered coupons did split at the shoulders,
which tended to create a rectangular coupon. The shoulder cracks stopped in the
compressive zone created by the gripping force, similar to the thickness tapered coupons.
The coupons developed cracks and delamination during the first few hundred cycles
which initiated in the taper radius region of the coupon and propagated along the coupon
length and arrested in the compressive zone produced by the clamping action of the
wedge grips shown in Figure 4.6. Coupons of the width tapered geometry were tried with

and without additional tabs with no noticeable difference in the number of grip failures or
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the number of fatigue cycles to failure. In fact, the presence of a tab produced no
beneficial effect on the grip induced damage in the composites with fatigue lifetimes less
than approximately a million cycles. It has also been reported that some material coupons
without tabs provide consistently better testing results than those with tabs [22]. This
gripping damage is also illustrated in Figures 4.7 and 4.8. The tab material, however, did
provide abrasive protection to the test coupon on higher cycle (> | million) fatigue tests.
Composite coupons with 50 or less percent 0° material did not generally need any special
machining or tabs. These coupons had very few grip failures and the flat rectangular

geometry proved acceptable.

Figure 4.6. Width tapered coupon (DD5P material) with shoulder
splitting.

Test Coupon Gripping
Hydraulically operated wedge grips were used to clamp the test coupons into the
axial load train of the testing machines using externally generated and controlled

hydraulic pressure. A tensile or compressive stress was applied to the coupon through a
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mechanical shear interface over the clamped coupon ends. The clamping force on the
coupon is directly proportional to the applied hydraulic pressure, as shown in Figure 4.9.
The hydraulic pressure caused the grip body to move down, causing the wedge grips to
close and clamp onto the test coupon. The hydraulic pressure in the grips was also
dependant upon the applied tensile load being transferred through the test coupon. Due to
the hydraulic grip design, the hydraulic fluid pressure caused any axial load transmitted
through the test coupon to be transmitted through the hydraulically prestressed grip body.
When the load transferred through the test coupon was greater than the load induced by
the hydraulic grip prestress, the hydraulic pressure in the grip body increased as the fluid
started to transfer more load, as shown in Figure 4.10. This Figure shows three different

initial grip hydraulic pressures which, as the axial tensile load on the test coupon was

Figure 4.7. Grip damage in test coupons, with and without tabs.
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DD5P material under tab

Tab surface . L
positive image negative image
B C

A

Damage area Bundle pullout

Figure 4.8. Tensile fatigue damage present under tab material.
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*Grip Wedges
/Grip Body

Hydraulic
Pressure

Actuator

Figure 4.9. Instron hydraulic wedge grip cross
section.
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increased, remained constant until the prestress was not enough to handle the transmitted
axial load causing the internal hydraulic pressure to increase. This increase in hydraulic
pressure causes an increase in the test coupon clamping force, which is shown in Figure
4.11. This force divided by the composite gripped area determined the average
compressive stress in the through-thickness direction (Z axis) of the test coupon in the
grip area. Figure 4.11 was used to determine the correct hydraulic gripping pressure for
the fatigue tests. This data was obtained with an Omega Engineering Incorporated PX602

pressure transducer and DP41S digital meter.

Instron 8501

Max. axial load on the coupon = 4.1 X (hydraulic grip pressure)

Applied tensile load through the test coupon, RN

Figure 4.10. Applied axial load to the test coupon versus the grip body
hydraulic pressure.
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Figure 4.11 Applied axial tensile load versus the hydraulic grip clamping
force on the test coupon.

The gripping force was measured with a 6.350 mm thick Mitutoyo steel gage block with a
full strain gage bridge attached to its surface and the Measurements Group Incorporated
2100 system strain gage conditioner.

Under cyclic fatigue loading, if the initial grip hydraulic pressure was insufficient
to apply the correct amount of prestress to the grip body, the increasing and decreasing
hydraulic grip pressure caused the corresponding coupon clamping force to increase and
decrease. This varying clamping force caused the steel wedge grips to bed-down and
abrade the tab surface which caused premature failure of the coupon. When the grip
hydraulic pressure was too high, the excessive clamping force also caused a premature

coupon failure due to the increased stress concentration at the grip edge. This clamping-
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force-hydraulic pressure interaction did not occur during pure compression tests. Due to
the design of the hydraulic grips, compressive loads were transferred directly into the
steel load train structure and actuator. The hydraulic pressure just secured and clamped
the test coupon in place.

With the correct grip clamping pressure, the tensile coupon failures shown in
Figures 4.6, 4.7 and 4.8 still occurred. It was suspected that the steel grip faces were not
applying a uniform gripping pressure to the test coupon. The pressure distribution of the
grip faces was checked using Pressurex tactile pressure measuring film manufactured by
Fuji Photo Film Company Limited. The film is shown at four different clamping
pressures on a 4.7 mm thick by 50 mm wide steel specimen (machinist’s precision flat
and parallel) in Figure 4.12. The color contact film revealed a grip face clamping area at
the top of the steel wedge faces which had no contact pressure on the coupon. The rest of
the grip face had a uniform pressure distribution over the test coupon clamped areas. This

steel grip face wear zone at the top of the faces was the result of long term fiberglass test

Grip wedge face contact area with coupon vs. hydraulic pressure
Grip hydraulic pressures
3.4 kPa 6.9 kPa 10.3 kPa 13.8 kPa

Figure 4.12. Steel wedge grip face contact area with the test
coupon. Shown by pressure film.
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coupon movement, and corresponding wear in this area. Fatigue tests were then
performed with the test coupons clamped in the grip areas with no noticeable wear under
a uniform pressure distribution, with the same fiberglass gripping damage as b.efore. This
damage area in the fiberglass test coupon must have been caused by active movement of
the fiberglass over the steel grip face. This. active movement is probably the result of a
Poisson’s ratio thickness shrinkage effect under axial loading, shear load transfer effects
and material stiffness mismatch, but the reason this wear zone on the steel grip fa’ce is not

symmetric is still unclear.

Compressive Test Development

Compressive testing of materials is always a difficult and controversial process as
premature failure, or buckling of the coupon can undermine the test. Presently, ASTM
specifies only three different methods of axial compression testing under ASTM D3410,
while approximately 17 other methods are also used [27], and each method has been
shown to produce different results. All these methods represent an attempt to obtain
representative compfession properties of the material being tested while limiting the
amount of buckling. Buckling can be prevented by continuously supporting the faces of
the test coupon and having the gage length as short as possible. Continuous support is not
very practical in fatigue t;ests, as the supports cause abrasive damage to the coupon.
Exploratory tests at the beginning of this study led to the choice of an unsupported gage
length of 12.7 mm, which has given results consistent with compression failures in

composite beam flanges (discussed later). This gage length is also required by the IITRI
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(Ilinois Institute Technology Research Institute, ASTM D3410), Celanese (ASTM
D34.10) and Wyoming modified Celanese compression test procedures. The tendency of a
compression coupon to exhibit buckling is indicated by its slenderness ratio. With a 12.7
mm gage length, and a rectangﬁlaf Cross sectién, the column slenderness ratio is

calculated by [28]

V12 L,

Slenderness ratio = 4.3

=

where L is the effective length of the test coupon, which, for fixed-fixed end conditions
is equal to 12.7 mm x 0.5 = 6.35 mm, and t is the composite thickness in the gage length.
A study by Adams and Lewis [29] indicated that a slenderness ratio less than 30 was not‘
prone to cause buckling failure in glass epoxy unidirectional composites. A 12.7 mm gage
length and a slenderness ratio of 30 limited acceptable compressive testing, according to
the above criteria, to test coupons which had a thickness greater than 1.5 mm.

The initial compression tests performed on the Instron 8501 provided very low
ultimate compressive stress values as the actuator moved sideways under the side loads
pr.oduced by the coupon during testing, causing premature buckling failure due to
eccentric compressive loading. This side movement of the actuator was due to the Instron
8501 actuator top hydrostatic bearing, whereas previous compression tests were
performed on the MTS 880 which had both upper and lower labyrinth bearings which
prevented this sideways translation. Figure 4.13 shows the applied lateral force vs. the

lateral deflection of the hydraulic grip head. The translation of the Instron 8501 grip was
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corrected by placing two needle bearings connected to the machine frame, on either side
of the grip head, as shown in Figure 4.14. This assembly acted as a linear bearing guide
for the grip and prevented the sideways translation of the grip head during compression.
Figure 4.14 also shows the grip anti-rotation device which prevented the lower grip and
actuator from rotating and causing premature coupon failure due to additional torsion
loads.

Where necessary, strain gages were attached to both the front and back center
surfaces of the compressive coupon for stress-strain measurements. The extensometer
could not be used due the small gage length of the test coupon and the possibility of
extensometer damage during the test. Using back-to-back strain gages on the compression
coupon provided valuable information on any bending or bucklin'g during the test, which
is shown in Figure 4.15. This figure indicates that a perfect compressibn test would show
no bifurcation, or separation of the stress-strain curves provided by the two strain gages.
If bifurcation of the curve is present, it indicates th_e presence of bending, buckling or a
combination of both, which would effect the vélidity of the results.

The effect of compressive strain rate was also studied and is summarized in
Figure 4.16. The rate effects are similar to those of the tensile coupons in Figure 4.3.
Figure 4.17 shows the effect's of coupon width on the compressive strength and shows
similar behavior to that observed in the tensile tests. Again, as long as there was a
representative number of complete fiber bundles in the gage length, as compared with the
number of partial bundles on the edges, the compressive strength was insensitive to

widths greater than approximately 20 mm.




57

1000 |
900 /) Without C(Dnstramt
800
2L 700
83 600 Slope =iiokl\j/mm Slope = 11 )2 N/mr
3 500
1 400 /
g 300
200
100
0

0 0.1 02 03 04 05 06 07 0.8 0.9 1
Grip face sideways translation, mm

Figure 4.13. Hydraulic grip head translation versus side loading
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Figure 4.14. Anti-translation and anti-rotation devices.



58

Perfect test Bending Buckling

Strain Strain Strain

Figure 4.15. Typical compressive stress-strain curves with back-to-back
strain gages.
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Figure 4.16. Material compressive strength versus testing displacement
rate (25 mm wide test coupons with a 13 mm gage length).
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Figure 4.17. Apparent compressive strength versus coupon width
(13 mm gage length with a 13 mm/s testing rate).

I - Beam 4 Point Bending Development

In order to perform the four point bending tests on the I-beams, the hydraulic grips
of the Instron 8501 were removed and replaced with upper and lower two point loading
platform which are shown in Figure 4.18. This assembly provided a more stable loading
arrangement. The upper loading platform consisted of a W 150 x 18 (AISC W6 x 12) steel
I-beam with two 50 mm loading rollers spaced 610 mm apart, center-to-center. These
rollers used needle bearings to allow easy rotation of the loading rollers during the
testing. Combs [21] initially discovered that these rollers greatly reduced the amount of
axial loading being introduced into the composite beam which was generated from

contact friction. The lower loading platform consisted of two load rollers spaced 381 mm
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apart, center-to-center, on a 127 x 127 x 6.35 hollow steel box beam (AISC ST5 X 5 X
0.25). Both steel platforms conformed to ASTM A500, Grade B steel specifications.
Additional stiffeners were required on the W 150 X 18 platform under the roller bearings
to increase the lateral stability of the section. The loading platforms were centered on the
load cell and actuator and bolted down. Four shear strain gages were initially placed on
the steel I-beam to check for system alignment with the lower box beam and to ensure

that half of the applied load was being transferred through each roller.

Lower load platform

Figure 4.18. I-beam four-point bending test set-up.

The composite beam to be tested was placed in the four point loading apparatus
under a pre-load of 100 N. This pre-load was used to ensure positive contact of all four

load pads on the four rollers, for initial readings. With the beam centered on the loading
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rollers, two longitudinal end constraints were adjusted to keep the composite beam from
rolling off of the rollers. These supports allowed the beam to move only five mm
longitudinally, and thus prevented the beam from slipping off of the load rollers. For
lateral alignment, four aluminum supports, 4 mm x 10 mm, kept the composite beam
centered, side-to-side, on the load rollers. These bars made contact with the shear

stiffeners, outside of the loading areas. A Mitutoyo IDU25E digital indicator was placed

in the center on the top tension flange of the I-beam to measure vertical displacement.

Strain gages mounted in the longitudinal direction on the tension and compression flanges
were connected to a Measurements Group Incorporated strain gage conditioner and
zeroed at the 100 N preload.

The beams were loaded up to 18 kN in 8 steps, and readings from the two strain
gages, the digital gage and the Instron 8500 electronics were taken. The digital
displacement gage was then removed and the fatigue or static test was continued. These
initial measurements were done for all the beams to obtain an indication of initial beam
stiffness properties. The static tests weré performed with the Instron 8501 in displacement
control at a constant rate of 0.05 mm per second, while fatigue tests were run under load
control with active amplitude control. During higher cycle tests, the beams were
periodically taken out of the test setup and inspected for damage. Flexural tests were
performed until beam failure, which was defined as either the inability of the beam to
withstand the absoiute maximum applied load or else total flange delamination. Upon

failure, displacement safety limits terminated the test.
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Cylindrical Tube Bending Tests

The first series of cylindrical tube tests were performed under 4-point bending in
the same apparatus as used for the beams. The second series of tests loaded the tube as a
cantilever beam which was more representative of an actual wind turbine blade in service.
The setup is shown in Figure 4.19. The composite tube was mounted with aluminum end
assemblies to transfer the loads through the tube. This assembly was fitted with a one
meter long steel cantilever beam (free loading end), while the other end (fixed end) was
bolted to a 127 x 127 x 6.35 HSS (AISC ST5 X 5 X 0.25) steel support, which in turn
was bolted to a 30 cm thick structural floor with two 38 mm diameter bolts in the MSU
Structures Testing Laboratory. The free end of the assembly was then loaded with a 45

RN MTS hydraulic actuator equipped with MTS 406 controllers.

Fiberglass
tube test section

Steel cantilever beam

Actuator

Figure 4.19. Cylindrical tube cantilever beam testing set-up.
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CHAPTER 5

COUPON TESTS

The database includes a systematic variation in basic laminate parameters to
establish basic trends in static and fatigue behavior. Ultimately, these tests are intended to
identify materials with impfoved static and fatigue resistance. Over 6,000 static and
fatigue tests were performed, .covering 148 different materials. The database grew to these
proportions in response to significant and unexpected variations in fatigue resistance
which ‘required detailed systematic study.

This chapter explores trends in static and fatigue resistance included in the
database and attempts to identify the underlying mechanisms responsible for failure.
Three levels of complexity are considered: simple unidirectional composites,
unidirectional composites with stitched or woven reinforcing fabrics, and multidirectional

laminates. Special attention is given to the high cycle behavior and basic mechanisms of

breakdown in unidirectional materials.

Unidirectional Materials

Fiber Packing

An ideal composite lamina would have all the glass fibers aligned straight and

/
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parallel to each other and to the load path, with just enough spacing between the fibers to
prevent fiber-to-fiber contact. For this to occur, the arrangement of fibers would be in a
uniform geometry, such as a square or hexagonal array. If all fibers have the same
diameter, these arrangements would have a theoretical maximum fiber volume fractions
of 0.79 (square) and 0.91 (hexagonal), shown in Figure 5.1. Random packing
arrangements have a maximum fiber volume fraction which is between these limits and
has a value of approximately 0.82 [30]. Practically, the fibers will involve a range of
diameters, 10 to 20 pm, which could increase these fractions slightly. Increasing the fiber
volume fraction is advantageous, as it increases the primary properties: longitudinal
elastic modulus and tensile strength of the lamina. Above a fiber volume fraction of
approximately 0.70, the transverse properties of the composite will degrade, as fibers
contact each other and stress concentrations increase, which is detailed in Figure 5.2 (31,
32]. The stress concentrations around the fibers are higher when the fiber transverse
modulus is higher relative tb the matrix modulus. In a well bonded composite, a rr‘iatrix

material which would yield at a lower stress would decrease the local stress

concentrations.

Strand Deformations in Fabrics

Glass fabrics are constructed using glass fiber strands or tows, which contain
hundreds to thousands of continuous glass fibers, 10 to 20 pm in diameter, without any
definite twisting of the fibers. These tows are stitched or woven together to form a fabric,

which allows the fabric to be handled during composite manufacturing. Fiber handling
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during fabric manufacturing significantly reduces the fiber strength, as shown later. The
properties of the fibers can be further reduced by the stitching thread tightness, and the
spacing of the stitching or weaving. The stitching pinches the tow and causes a slight
curvature of the fibers on the outside of the glass strand as the diameter locally decreases
This curvature of the fibers introduces a bending stress in the fibers at the stitch, but it is
postulated that the major effect is that the stitch decreases the average distance between
fibers and causes the number of fibers in virtual contact, in that area, to increase. Virtual
contact it is meant that the fibers appear in contact in micrographs; whether a thin matrix
layer is present between the fibers is not known.

The reinforcing fabrics have bundles of glass fibers separated by an area without

fibers which forms resin rich areas between the tows in stitched fabrics, and both above
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Figure 5.1. Fiber volume fraction versus the average fiber spacing
in a composite with theoretical square and hexagonal packing
geometries.
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Figure 5.2. Fiber volume fraction versus the normalized maximum principal
stress for a transversely loaded composite.

and below weave crossover points in woven fabrics. It is the presence of this resin rich
channel between the tows which reduces the overall fiber content, and hence the lamina
properties. In order to increase the fiber content, the elliptical fiber bundle cross section
must be compressed and forced to spread out across the width of the lamina to fill this
channel. The stitching or weave crossover points inhibit this spreading out from
occurring. Figure 5.3 shows three different magnifications of Material PP, which used
3M-SP250 prepreg (no stitching or weaving), compared with a unidirectional composite
with D 155 stitched fabric. The prepreg material shows a uniform distribution of fibers
with no large resin rich regions; the D 155 composite, because of the stitching, has large

resin rich regions between the tows. Figure 5.4 shows the D 155 confined tow area versus
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the overall ply fibgr content for materials DD6, DD2 and DD7. As the composite fiber
content increases, the cross-sectional area of the individual tows decrease (as expected),
squeezing out the excess resin. The D155 fabric tows in Figure 5.4 start to interact and fill
the matrix rich regions in the adjacent plies, and thus the elliptical tow cross-section
geometry deforms. If this deformation of the tow is not uniform along the length, where
the tow enters and exits the resin channel in the adjacent ply, a rotation of the strand
occurs. The figure shows that the fiber content inside the fiber bundle does not change as
significantly as the average composite fiber content, and that the fiber content in the fiber
bundle changes along its length (x-axis) dpe to the periodic presence of stitching.

Figure 5.4 shows that the stitching causes up to a 10 percent local increase (from
Ve =0.58 to 0.68) in the fiber volume fraction of the strand contained within the stitching
in the DD6 material; the DD7 material exhibited only a 2 percent increase (from Vi =
| 0.70 to 0.72). The determination of strand fiber contents at higher individual ply fiber
contents was not performed due to the difficulty in determination of the boundaries
between adjacent strands. Figure 5.5 shows the number of fibers in direct contact with
adjacent fibers versus the ply fiber volume fraction, both within and between stitching
threads. A large increase in the number of fibers in contact occurs in the 0.31 to 0.36 fiber
volume fraction region, which also coincides with the region where most of the
composites in the database start to decrease in fatigue resistance. It should be noted that
the D155 tow has stitchirig every 4 to 6 mm, which means that the tow fiber content

varies between a maximum and a minimum value every 4 to 6 mm.
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Prepreg ( 60X magnification)

Prepreg ( 200X magnification) D155 (200X magnification)

Prepreg (400X magnification) D155 (400X magnification)

Figure 5.3. Micrographs of prepreg and D 155 fabric composites
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Fiber volume fraction

micrograph of a D155 tow in a DD6 composite  micrograph of a D155 tow in a DDIO composite
(micrograph fiber volume fraction = 0.54) (micrograph fiber volume fraction = 0.67)

Figure 5.5. Composite fiber volume fraction versus average number of
fibers in contact with each other for materials DD6, DD5, DD2, DD9 and
DD10.
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Since the fabrics are-stitched or woven with a regular spacing, the tows can be

stacked in or out of phase with the adjoining piies. Figure 5.6 shows three possible
stacking possibilities. Each has some degree of tow compression and elliptical shape
deformation with increasing average fiber content as the tow interacts with adjacent tows.
The D092 fabric is a lighter fabric with a larger distance between the fiber tows and thus
larger matrix rich regions. With the tows stacked directly in phasé with each other
(strands on top of each other) the resin rich areas can extend continuously through the
composite thickness. When the tows are out of phase with the adjacent tows, the resin
+ rich areas between the tows are partly filled in by deformed tows from adjacent layers,
allowing for higher fiber contents. Figure 5.6 shows the D092 fabric at fiber volume
fractions of 0.30, 0.41 and 0.50. At a fiber content less than approximately 0.30, the tows
in all the fabrics are separated from the adjacent plies by a continuous matrix layer, and
therefore do not have any direct fiber contact with the tows in the adjacent ply. As the
fiber content is increased, the tows start to contact the tows in adjacent plies, -causihg
elliptical tows to flatten out and fill the resin rich areas between the adjacent plies.
Increasing the fiber content further causes the tows to deform in the Widtil direction,
filling in resin channels between the tows, within the ply. If this deformation is restricted
by the weave or stitching, a pinched region along the strand will exist.

Since the stitching is physically on the surface above and below the tow, the stitch
introduces additional “hard poin’;s” of contact, which cause localized pinching of the fiber
tow as well as adjacent tows in contact with this stitching. This situation causes additional

points of pinching. In the DD series of materials listed in the database, the stitching in the
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D 155 fabric starts to interact with the adjacent plies at a fiber volume fraction of
approximately 0.36. This interaction effect is illustrated in Figure 5.7. Since the stitching
thread is also on a regular spacing, the stitching in one ply can contact the stitching in an
adjacent ply, creating another hard contact point or location of increased bundle fiber
content. Figure 5.8 shows the interaction of the plies when the stitches are stacked on top
of each other. The stacking of the stitching causes the plies to be separated more at the
stitch points than between the stitches, causing the fibers to collapse into the resin rich
region, creating a small fiber angle which might reduce the localized compressive
strength. The figure shows the effects of removing the stitching thread from the D 155
fabric. Without the restrictions of the stitching thread, the glass fibers disperse and form a
more uniform geometry similar to the prepreg materials, minimizing the size of the

matrix rich regions in the ply.

resin rich region (black)

Material D155K -V f=0.33 Material D092D - Vf= 0.30
Material D 155K -V = 0.33 Material D092B -V f = 0.41
Material D155K -V f=0.33 - Material D092G -V f= 058

Figure 5.6. Stacking geometries of unidirectional fiber bundles.
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Material DD6 -V "= 0.36. Stitching between 0°and 45°

Figure 5.7 Fabric stitching interaction with adjacent plies.

The A 130 fabric, which has a woven architecture shown in Figure 5.9, uses the
same glass roving that is used in the D 155 fabric. This fabric is woven around a weft
glass strand which is coated with a thermoplastic hot melt adhesive. During fabric
weaving, this strand thermoplastic bead is woven into the fabric. Heat is applied to melt
the thermoplastic to encapsulate the glass strands in direct contact with it, locking the
fabric architecture together. The bonding of the matrix materials to this thermoplastic
bead is poor. Cracks readily form at the interface of this bead and the matrix for all the

resin systems in the database.
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D 155 stitching stacked

Adjacent tows contact eachother\ Edge of D155 tow

>

D 155 stitching offset Gray areas are matrix material
Black dots are stitching

Edge view of D 155 plies (stitching spaced about every 4 mm)

Material D 155 -V £= 0.45

Between stitching

Stitching thread

Stitched D 155 tows

Released D 155 tows
(stitching has been
removed)

Figure 5.8. Fabric stitching interaction with adjacent ply
stitching and the effects of removing the stitching.
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DDII-107, 414 MPa, R=0.1

Figure 5.9. A 130 fabric with woven architecture with cracking around
thermoplastic bead in coupon DDI 1-107 after fatigue testing.

In summary, the following effects have been observed in strand-fabric interactions:

. Stitching or weaving is necessary in order to physically handle the fabric
during composite manufacturing in low cost composites.

. The stitch or weave causes a local pinching and misorientation of the
strands.

. The stitching causes the strand fiber content to locally increase
periodically along the length of the strand.

. The stitching thread interacts with the strands as a hard contact point.

. The thermoplastic bead in the woven fabrics does not bond with the matrix
materials used in this study and was a nucleation point for starter cracks.

. The strands deform in cross-section as the composite fiber content

increases.
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Unidirectional fatigue behavior

Background. Bulk glass and single glass fibf;rs are not affected by the cycling of
stress. However, inorganic glasses are affected by a stress-corrosion mechanism termed
“static fatigue” where the tensile stress causing failure is reduced by 3 to 5 percent for
each decade of time under load [33, 34]. This mechanism of stress-corrosion is caused by
water molecules attacking the silica bonds of the glass, creating surface flaws, which
propagate to produce failure [35]. The rate of this.process is increase;d strongly by
impurities such as sodium. This mechanism: appears to be independent from the cyclic

fatigue behavior of the composites [36, 37, 38]. Higher sodium content glasses are more

sensitive to this corrosion and their strength can be reduced by as much as 10 percent for ’

each additional decade of time under load.

The inherent fatigue behavior of individual glass fibers and strands has been
reported in the literature [39-46] and is summarized in Table 5.1 and Figures 5.10 through
5.12. The individual fiber tests listed show the static fatigue (stress corrosion) mechanism
inherent in bulk glass. The 500 pm diameter fiber had a complex composition which
degraded at 9 percent per log decade. References 39 and 43 researched these 500 um
diameter fibers which could be manufactured with a surface compressive residual stress
which eliminated the static, as well as the cyclic fatigue behavior of the glass. The major
limitations of this fiber were their low initial strength compared to smaller, conventional
reinforcing fibers and their high manufacturing cost. The surface compressed fiber data
was not included in Table 5.1 or Figure 5.10.

Figure 5.11 shows unimpregnated fiber strands containing 5, 30 and 210 fibers.
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The fatigue sensitivity coefficient, b, (equation 4.2) of these strands increased to 7 to 10
percent per log decade of cycles from the 4 percent per decade of the individual fiber
shown in Figure 5.10. References 1 to 19, 47 and 48 all demonstrate that non-woven
glass reinforced plastics degrade with a fatigue sensitivity coefficient, b, of
approximately 0.10 or 10 percent per decade. Figure 5.12 details the impregnated strand
data with strands varying from 30 to 2040 fibers. These data also show a b-value of
approximately 0.10. This fatigue behavior must be inherent to the glass fiber as both the
unimpregnated and the impregnated strands have approximately the same b-value and this
also suggests that the fatigue behavior of the composites derives directly from the glass
reinforcement [41- 44].

The basic mechanism of fatigue degradation in these composites appears to be
some sort of glass fiber surface abrasion or friction and wear process. Looking at one
glass fiber, the smallest incremental distance that a crack can grow in the glass is the
diameter of the silicate ring, which is 0.4 to 0.5 nm (10° m) [35]. Using fracture
mechanics to estimate ﬂavs./ sizes at fiber failure, glass has a fracture toughness (K.) of

32

approximately 0.7 MN/m™ and at a tensile stress (o) of 800 MPa (typical of fatigue tests
to 10° cycles), using K; = 1.12 o (7 2)2 [50], the crack length (a) equals 1.9 x 107m or
190 nm. This is a crack length of a few hundred silica rings in a fiber that has a diameter
of 12,000 nm (12um). Attempts to find fatigue damage of this size on the glass strands
have been unsuccessful. Fatigue damage generated on the surface of the glass fiber could

not be differentiated from the longitudinal irregularities found on pristine fibers due to the

fiber manufacturing process.
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Results and Discussion. Only very limited fatigue data is available with results

past a few million cycles. A b-value of 0.10 extrapolates (assuming a linear S-N curve on
a semi-log plot) to zero strength after ten decades or 10 billion cycles. The slope of the
fatigue trend must change slope at some level. In order to determine the high cycle
behavior of impregnated glass strands, a specially constructed strand consisting of 45
fibers and a D155 strand of 2000 fibers were impregnated with polyester (CoRezyn 63-
AX-051) and fatigue tested out to 10° cycles at R=0.1. These tests are detailed in Table
5.2. These are the first known fiberglass fatigue results at 10° cycles.

The 45 fiber strand was tested on the speaker cone based fiber testing apparatus
discussed in Chapter 3, and the results are presented in Figures 5.13 and 5.14, as well as
listed in the database (Appendix A). Figure 5.14 shows two plotted trend lines: one semi-
log prediction line at 8.3 % / decade, with a corresponding statistical goodness of fit value
(R® of 0.95, and a log-log prediction line. The log-log prediction line had a higher
corresponding statistical goodness of fit value (0.93) when the static data was included in
the line fit (forced through 1). The three fatigue coupons which went in excess of 1 x 10°
cycles, unbroken, are considered “mn—outs” and were included in the prediction line
calculations. All calculated stresses and strains are based upon the actual glass fiber cross
sectional area and an elastic modulus of 70 GPa. The static tests were performed by
attaching a twelve volt battery across the speaker terminals, which drove the speaker' ata
displacement rate of 140 to 150 mm per second, similar to the fatigue rate. Figure 5.15
shows a typical static test applied load versus time diagram.

Most of the coupons failed in the gage section, with significant fiber failures and
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transverse matrix cracks. The fiber volume fraction of the coupons ranged between 0.52
and 0.57. The polyester resin used to impregnate these fibers had an ultimate str‘ain to
failure of approximately 2 percent, and the test coupons showed numerous transverse
matrix cracks along the strands length.

The D155 strand of 2000 fibers was tested in the Instron 8511 servo-hydraulic
testing machine and the data pres;:nted in Figures 5.16 and 5.17. Figure 5.17 shows three
predicted trend lines: two log-log and one semi-log. The semi-log predicted trend of 8.8
percent per ciecade had the highest corresponding statistical goodness of fit value into the
10° to 10° cycle range (R* = 0.99). Past this range, the power law prediction (linearona
log-log plot) incorporating only the fatigue data at stresses less than a normalized stress of

0.55 had a better fit (R* = 0.97 versus 0.69 for the entire data set).

Variability in Properties of Strands Taken From Fabrics. The D155 strands were

carefully taken from different rolls of D155 fabric. A variation of the static strength of the
D155 strands with different batches was noticed early on in the research and was
monitored. Six rolls of D155 fabric were used to fabricate the materials in the database
over a seven year period. Strands were carefully removed from these rolls, impregnated
with polyester and statically tested. Thirty coupons were tested from each batch, and the
scatter is detailed in the Weibull graph in Figure 5.18. The Weibull values of Eta (level
at which 62 percent of the coupons have failed) and the Beta or Weibull modulus (m) are
also listed in Figure 5.18. Roll 1 had the lowest strength of all the rolls tes£ed. Figure 5.19

combines all the 300 static strength tests into one curve. Since most of the statistical tests
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performed in this study required a normal or near normal statistical distribution, it was
necessary to test the strength distribution to determine normality. Figure 5.19 shows the
three best statistical models, and their coefficients for the data, as determined by the
computer simulation program Unifit 11, by Averill M. Law and Associates. The data are
normally distributed. The strengths range from 912 N (3.1% strain to failure) to 1,487 N
(5.1% strain to failure), again with roll 1 filling in the lower end of the curve. A Weibull
modulus of 12.2 was obtained from the pooled data sets (all data), which is within the
range for ceramic materials [49], but is much lower than the individual data sets from

separate batches.

Table 5.1. Summary of previous fatigue results on individual E-glass fibers and tows.

Nur_nber diaFrlr?eetrér Matrix material a_nd UTSZvF R=01 |26:st?élin Reference
of fibers fiber volume fraction MPa b
pm % A
I 25 none, | 2130 0.040 2.31 39
I 500 none, | 738 0.090 0.49 39,43
5 25 none, | 1490 0.068 1.26 40
30 25 none, | 1390 0.099 0.81 39
210 9 none, | 1530 0.091 0.99 41-44
30 25 epoxy, 0.40 2324 0.088 1.57 39
210 9 epoxy, 0.49 2255 0.096 1.37
210 9 epoxy, 0.45 2158 0.091 1.40 41-44
210 9 polyester, 0.23 1980 0.100 113
2040 13 epoxy, 0.16, (R=0) 1672 01 15b 0.74
2040 13 epoxy, 0.33, (R=0) 1659  0.1078 0.85 45,46
2040 13 epoxy, 0.50, (R=0) 1556  0.093B  0.98

A 106strain calculated using E = 70 GPa bR = 0 data
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Figure 5.10. Normalized S-N fatigue data for unimpregnated single glass fibers
(References 39, 43).
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Figure 5.11 Normalized S-N fatigue data for unimpregnated glass fiber
strands, R = 0.1 (References 39 - 44).
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Figure 5.12. Normalized S-N fatigue data for impregnated glass fiber
strands, R = O| (References 39 - 47).

Table 5.2. Impregnated strands tested in fatigue.

OC-107B-AC-450

Owens Corning Roving (roving used in D 155 and A130 OC-990-BC-2385-4093

Number fabrics)
Number of fibers in roving 2000 208A
Average fiber diameter, pm 15.98 10.66
Standard deviation, pm 1.53 0.94
Maximum diameter, pm 19.00 8.33
Minimum diameter, pm 13.50 13.96
Sample size 12,000 2,800
Average UTS, MPa 2,750 3,126
UTS standard deviation, MPa 296 398
Average failure strain, % B 3.93 4.47

ATo lower the required loads, this strand was split down to 45 fibers.
BCalculated using an elastic modulus of 70 GPa.
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Figure 5.13. S-N fatigue data for impregnated fiber strand (45 fibers, average

diameter = 10.76 pm, SD =0.40 pm), R = 0.1 (obtained using the speaker cone
apparatus).
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Figure 5.14. Normalized S-N fatigue data for impregnated fiber strand (45 fibers,
average diameter = 10.76 pm, SD = 0.40 pm), R =0.1.
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Figure 5.15. Applied tensile load versus time for a 45 fiber test coupon.

moon 320

Cycles to failure

Figure 5.16. S-N fatigue data for D 155 impregnated fiber strand (2000 fibers,

average diameter = 15.98 pm, SD = 1.53 pm), R = 0.1 (tested in a servohydraulic
machine).
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F@gure 5.17. Normalized S-N fatigue data for impregnated D155 fiber strand
(%004 fibers, average diameter = 15.98 pm, SD = 1.53 pm), R =0.1.
N

I
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Ultimate tensile strength, N

m roll a rol?2 T rll3 ? roldb « roll5

o ril5b * rol6 a rlléb + roléc % roll 6d
Figure 5.18. Strength distributions for strands from individual D 155 rolls
with Weibull fit parameters.
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Figure 5.19. Weibull distribution of pooled D 155 strand ultimate tensile
strengths from rolls | through 6.
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Fatigue tests were run with coupons from roll 4 and roll 5, which had significantly
different static strengths (statistical p-value <0.0001), with the data shown in Figure 5.20.
Although there was a statistical difference in the static strengths, past a fatigue lifetime of
approximately a million cycles, little difference can be seen between the strands. This

same check was performed on materials DD2 and DD2A in the database with the same

conclusions (no difference).
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Figure 5.20. S-N fatigue data for D 155 strands from D 155 rolls 4 and 5.

Unidirectional Laminates

The strand data support the conclusion that the basic fatigue response is inherent
in the glass fiber interactions. This section describes results for larger unidirectional
specimens using laminates fabricated from fabrics, which include the complications of
stitching, weaving and matrix rich areas. The unidirectional materials studied are listed in
Table 5.3, with additional information about the fabrics and composites listed in the
database.

Various authors have reported that the degradation in composite materials under
fatigue loading results from the accumulation of stable cracking in the matrix and fiber-
matrix interface [51]. This stable cracking increases in severity with cyclic loading,
resulting in the gradual decrease in mechanical properties until final failure by

overloading. Figure 5.21, from Reference 51, shows the generally accepted progression of
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damage in a composite during fatigue. Further information on fatigue damage
accumulation can be found in Reference 51. It is believed that this increased amount of
damage in the matrix and at the matrix/fiber interface is what decreases the larger coupon

fatigue behavior from the individual strand behavior.

DAMAGE MODES DURING FATIGUE LIFE

I-Matrix Cracking 3 - Delaminollon
Fiber Breaking Fiber Breaking 5- Fracture
2-Crack Coupling ,Interfacial 4- Delomination Growth, Fiber
Debonding,Fiber Breaking Breaking (Localized)

PERCENT OF LIFE

Figure 5.21. Schematic representation of the development of damage
during the fatigue life of a multidirectional composite laminate. [51]

Figures 5.22 to 5.29 show the normalized fatigue data and the initial fatigue
strains for the materials listed in Table 5.4. Even though the increasing fiber content
raises the static modulus and ultimate tensile strength, the fatigue performance
deteriorates significantly on either a normalized (b-value, equation 4.2) or absolute (strain
at 106c¢ycles) basis, as the fiber content increases. The latter parameter is the value of

maximum initial strain which the material can withstand for 106cycles.
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Table 5.3. Summary of fatigue properties for the unidirectional materials tested.

R= 10 R=01
Vf UCS bc strain for  UTS, bT strain for E
Material* MPa I06eycles, MPa I06¢cycles, GPa
% %

AOG0 041 -315 - - 579 0.094 0.80 314
Al130C 035 -373 0.062 -0.70 728 0.091 110 31.6
Al130G 055 -423 - 1,203  0.133 0.70 44.4
A260A 035 -440 - 776 0.090 111 311

CM1701 038 -573 0.084 -0.93 796 0.126 0.64 30.5
DG72A 036 -560 0.075 -1.11 799 0.106 1.04 28.3

D092B 041 -675 - 908 0.104 103 33.8
DG92D 0.30 -540 - 731 0.090 125 25.4
D092F 050 -679 - 1,112 0121 0.70 40.8

D092G 058 -692 0.085 -0.97 1163 0.132 0.60 44.5
D155B 0.39 -653 0.077 -1.10 854 0.102 112 315
D155C 051 -794 - 1,187 0.120 0.90 38.9
D155G 059 -765 0.057 -1.00 1314 0.138 0.64 47.0

D155H 049 -755 - 1121 0.099 107 38.3
D155 058 -776 - 1,142 0.108 0.80 47.9
D155K 0.33 -551 - - 861 0.114 098 28.1

* Reinforcing fabric designation followed by a letter designation where more than one
fiber content was tested for that fabric (see Appendix A for more details).

In all cases, the 106cycle strain was less than | percent for V£> 0.50. Materials
D155H and D 155J had the stitching thread removed from the gage length prior to RTM
manufacturing, which caused an 106cycle strain improvement from 0.64 to 0.80 percent
strain at a fiber volume fraction of 0.58. The tensile strength of the D155J (no stitching)
was lower than D155G, which probably resulted from some minor strand misalignment

and/or the strength variation noted earlier for the D 155 fabrics.
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1.2
. VF UTS, &1 strain for 106 E,
Material % MPa cycles, %  GPa
P v DO72A 36 799 0.106 110 28.3
) - D092B 41 953 0.104 110 338
D092D 30 731 0.090 125 254
?FnO.S - D092F 50 1112 0121 0.70 40.8
* D092G 58 1,163 0.132 0.65 445
I_ 0.6
I -Air-
504 1.-
E
X
1 0.2
0 I limn-
1EO IE| 1E2 1E3 | E4 1E5 1E6 1E7

Cycles to failure

Figure 5.22. Normalized fatigue data for fabrics D072 and D092, R = Ol.
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35 _ Material % MPa cycles, %  GPa
' B B v DO72A 36 799 0.106 110 28.3
% 3.0 - D092B 41 953 0.104 110 338
’ - D092D 30 731 0.090 125 25.4
- D092F 50 1,112 0.121 0.70 40.8
' A  D092G 58 1,163 0.132 0.65 445
I 2.0- — A v
* A B . *
A
(11 ma * N
1 A V-
510 — — — < M A" gl
N
05 A "AAA
0 — 1 I HHif—2111IHI—-——-11IHM—till FHH—3 HHI—21 11T -—-b T H I
1EO 1E3 | E4 1E6

Cycles to failure

Figure 5.23. Maximum initial fatigue strain data for fabrics D072 and
D092, R =0.1.
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. uTs, i *
Material Vr br strain for 10 E,

% MPa cycles, % GPa

DISSB 39 854 0.093 112 315

I v DISSC sI 1,187 0.118 0.90 38.9

1 . DISSG 59 1,314 0.138 0.64 47.0

A DISSH 49 1121 0.094 1.07 38.3

0.8 v DISSJ 58 1,142 0.108 0.90 47.6

% h A DISSK 33 831 0.114 0.98 28.1
I 0.6

I T
0.4
Materials D155H and D155J had no weft stitching in the gage length
Vi oini fiinu
1EO 1E3 1E4 1E6

Cycles to failure

Figure 5.24. Normalized fatigue data for D155 fabrics (with and without
stitching), R = 0.1.
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DISSJ 0.108
£ 2 5 DISSK 0.114
n2.0
1EO 1EI 1E2 1E3 1E4 1E5 1E6 1E7

Cycles to failure

Figure 5.25. Maximum initial fatigue strain for D 155 fabrics (with and
without stitching), R = 0.1.



92

VF UTS, DbT strain for 106 E,

Material % MPa cycles, %  GPa
*  AOB0 41 579 0.094 0.80 314
1 1 - A130C 35 728 0091 1.10 310
s' A130G 55 1,203 0.138 0.70 444
&)0-8 e A260A 35 776 0.092 11 325
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Figure 5.26. Normalized fatigue data for woven fabrics (A060, A 130 and
A260), R =0.1.
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Figure 5.27. Maximum initial fatigue strain data for woven fabrics (A060,
A 130 and A260), R=0.1.
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Figures 5.28 and 5.29 show the fatigue data for the standard and the thickness
tapered unidirectional coupons for materials A, B and L (database material designations).
These materials had some fiber misalignment away from the 0° load direction (up to 4°),
which provided a lower static strength and reduced fatigue lifetimes but showed similar
fatigue trends as the other unidirectional materials. The tapering reduced the amount of
damage present in the coupon ends (hydraulically clamped areas), which improved the
failure mode and the fatigue lifetime. Materials A and L had resin rich regions on the
outside surfaces which, when thickness tapered, reduced the composite thickness without
removing a representative amount of fiber, resulting in an overall longitudinal modulus
increase.

Table 5.4 and Figure 5.30 give the tensile and compressive ultimate strains and
the normalized fiber strength (UTS / Vp); dividing by VF gives the stress per unit area of
glass fiber, ignoring the matrix. The impregnated D155 strand average strength was 2,750
MPa, while the D155 composites averaged 2,220 MPa, which is a strength reduction of
19 percent; this reductior; is probably due to the interaction with other strands and
stitching, along with increased matrix cracking. The lighter weight A060 had a low
tensile ultimate strain of 1.9 percent and a UTS/Vy, ratio of 1,412 MPa, which indicated
load carrying problems in the composite. Further inspection of the material determined
that the weaving weft and thermoplastic bead were the same that were used for the

heavier woven fabrics, giving a great out of plane distortion relative to the tow diameter.
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1.2
. Ve UTS, bj strain for 106 E,
Material % MPa cycles, %  GPa
w 1-0 - A 30 566 0111 087 215
A (tapered) 30 571 0.100 0.98 24.6
? . B 30 581 0135 0.99 210
0.8 L 50 742 0135  0.80 326
v L(tapered) 50 752 0127  0.65 386
I 0.6 vV« 7 .
a
« Q . T
E 0.4 ” =
t nv = .«oo .D O
a L]
0.0 —iiimu—iiimu—i i1l m—*+-HU—i | Him—i-iiinn —i— mill — i i 1Lnit
1EO 1E1 | E2 | ES | E4 1E5 1E6 1E7 1E8

Cycles to failure

Figure 5.28. Normalized fatigue data for industrial materials A, B and L
(with and without thickness tapering), R =0.1.

. v UTS, pT strain for I06 E
Material *  MPa cycles, %  GPa
- A 0 56 0111 087 215
30 O Aftapered) 30 571 0100 098 24.6
® o . B 0 5L 0135 099 21.0
* L 50 742 01% 080 326
I 25 v L(tapered) 50 752 0.127 0.65 38.6
| 20 ¢
nT *
wD e
|:: L1700 :
Vo % ‘+
mr 0 *
0.0 — HH-HB — 1-HHE — 1 1 1 —1 | |HM— BI-HFR — BHHH—F BHim— | 11mu
IEO 1E2 1ES 1E4 1ES 156 1E8

Cycles to failure

Figure 5.29. Maximum initial fatigue strain data for industrial
materials A, B and L (with and without thickness tapering), R = 0.1.
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Table 5.4. Summary of static properties for the unidirectional materials tested.

Material

A060
A130C
A130G
A260A

CM1701
DQ72A
D092B

DQ92D
D092F

D092G
D155B
D155C
D155G
D155H

D155]
D155K

3000
2800
2600
2400
2 2200
> 2000
P 1800
1600
1400
1200
1000

VvF

041
0.35
0.55
0.35
0.38
0.36
041
0.30
0.50
0.58
039
0.51
0.59
0.49
0.58
0.33

0.25

Figure 5.30. Fiber tensile strength (UTSZV) versus fiber content for

UCS
MPa
-315
-373
-423
-440
-573
-560
-675
-540
-679
-692
-653
-794
-765
-755
-776
-551

0.3

Compressive
failure strain, %

-1.0
-1.4
-1.1
-1.4
-1.9
-2.0
-2.0
2.1
-1.7
-2.0
-2.2
-Z0
-1.6
-2.0
-1.6
-2.0

0.35

unidirectional materials.

UTS, Tensile failure E

MPa strain, % GPa
579 18 31.4
728 24 31.0
1203 2.7 44.4
776 2.5 31.1
796 2.6 30.5
799 2.8 28.3
908 2.7 33.8
731 2.9 25.4
1112 2.7 40.8
1163 2.6 44.5
854 2.7 315
1187 31 38.9
1314 2.8 47.0
1121 2.9 38.3
1142 2.4 47.6
861 31 28.1

MWClage IVIJJ Stlanu sUCHgl U Z/- uivir,.

0.4 0.45 0.5
Fiber volume fraction

0.55

UTS/ VF
MPa
1412
2080
2187
2217
2095
2219
2214
2437
2224
2005
2190
2327
2227
2288
1969
2609

0.6
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The thermoplastic bead was coating approximately 5 to 7 mm of the A060 strand every
30 mm, which did not bond to the matrix material and reduced the performance of the
composite.

Figure 5.31 details the ultimate compressive stress versus the fiber volume
fraction. The fabrics with the well aligned fibers form an increasing trend with VE while
the woven fabrics (A060, A 130 and A260) all fall significantly below this performance.
Figure 5.32 shows the compressive failure strain versus the fiber volume fraction. As the
fiber content increases, the compressive strain to failure decreases. The increasing
compressive strength of the D 155 fabric with Vfis more than offset by the increasing
modulus, so the ultimate strain to failure decreases significantly with increasing VE The
woven fabrics have a low ultimate compressive strain which does not significantly change
over the fiber volume fraction range of 0.30 to 0.60.

800

A26 OA

A130C

m A060
300

0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
Fiber volume fraction

Figure 5.31. Ultimate compressive stress versus fiber volume for
unidirectional materials.
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Figure 5.32. Compressive failure strain versus fiber volume for
unidirectional materials.

Figure 5.33 shows the tensile million-cycle strain (R=0.1) versus fiber content. As
the fiber content is increased, the million-cycle strain decreases. Thus, there is a
significant transition to increased fatigue sensitivity in the fiber content range shown.
Both the woven and the stitched fabrics are converging to the same strain at fiber volume
fractions greater than 0.55. The D155H and D155J materials, which had the weft stitching
removed, show the same strain reduction behavior with fiber content as the other
unidirectional materials, but the transition occurs at a higher VVF, and their overall strain
performance was significantly higher than the stitched or woven fabrics (shifted to the
right in Figure 5.33). Figure 5.34 shows the fatigue coefficient, b (R=0T), changing with
fiber content, again with the non-stitched materials performing better. As noted earlier

(Figure 5.5), the number of fiber contacts also increase in the range of fiber volume
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fraction from 0.3 to 0.4, which may partially explain this trend.

Figure 5.35 shows the normalized compression (R=10) data for the various
unidirectional materials. Except for the woven A130C material, the stitched fabric
materials showed some ultimate compressive strength increase with increasing fiber
content, but the strain at one million cycles was relatively unchanged (-0.97 to -1.11
percent strain) for this group of materials.

The tenéile behavior for the fiber strands compared with that of the composites are
shown in Figure 5.36. The strands sﬁow better performance (as expected) than the
‘composites, apparently due to a smaller volume and a lack of interaction with matrix
cracks and other plies. The composites have a fatigue strain performance of
approximately 50 percent of the strand strain, depending qn Vy; a similar ratio exists in
the static tensile data at N = 1. The D155H and D155J materials have a strain -
performance slightly higher than the other composites, but few points were tested past
10° cycles to determine if this performance holds at higher cycles. The lower V;
composites are following a similar trend (b-value) as the strand data, and there appears to
be a change in the slope of the trend line in the 107 to 10° cyc]e range. More composite
-data in this cycle range is required to determine if the slope is changing enough to attain a

fatigue limit, or whether it is simply following a power law trend.




1.3

1.2

$11

5 0.8

0.7

0.6
0.25

0.3 0.35

0.4

0.45

Fiber volume fraction

T X 4

0.5
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Figure 5.33. Million cycle tensile strain versus fiber volume for

unidirectional materials, R=0.1.
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Figure 5.34. Tensile fatigue coefficient, b, versus fiber volume for

0.5

0.55

0.6
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Material Strcijglgsr (VIOOG
A130C 0.080 -0.77
DO72A 0.075

D092G 0.085 -0.97
D155B 0.077

D155G 0.057

Cycles to failure

Figure 5.35. Normalized compressive fatigue data for various
unidirectional materials, R=10.

D155B
= D155C
! z DI155G
& I Strand tests S DieEH
&;E """""""""""""" m  D155])
'5-3.0 - D155K
@ laminates * ngh Cycle
IS 4 48 a 45 fibers
| ’ * D155 Tow
20 — 25— A
tIN T _ a 2« A& A
I A st % B z2Z
1.0 : .
A(\W .
f i
0.0
180 I E4 1ES 1ES 1E10

Cycles to failure

Figure 5.36. Comparison of maximum initial fatigue strain data for various
unidirectional materials and impregnated strand tests, R = 0.1
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+45° Fabrics

Three different +45° stitched fabrics at multiple fiber contents were fatigue tested:
DB120, DB240 and DB400; the data are summarized in Table 5.5 (these tests were
conducted with the load in the 0° direction). The +45° materials are expected to behave
differently from the 0° materials because they are matrix dominated. The +45° materials
fail by the growth of matrix cracks parallel to the fibers of each ply, followed by the
interlaminar sepafation of the plies. The DB120 fabric is the same +45° fabric used in the
construction of the CDB200 triax fabric; the DB240 fabric uses the same glass strand that
is used in the D155 and A1£’>O fabrics. Additional static and fatigue tests were performed
on materials using orientated D155 fabric, in a (+45°), composite using different matrix
materials. Due to difficulties in maintaining a +45° lay-up with the DB120 and DB240
fabrics, the D155 fabric was used to control the fiber angles so that any variability seen
would not be due to the fiber orientation.

Figure 5.32 shows the normalized maximum stress diagram for the materials
constructed with the DB120 fabrics under tension-tension (R=0.1) aﬁd compression-
compression (R=10) fatigue loading. The DB240 and DB400 fabrics showed similar
normalized stress trends. Figure 5.37 includes fatigue data from material CH20, which
consisted of the DB120 fabric stitched to a glass mat, and the 3M-SP250 prepreg data.
Figures 5.38, 5.39 and 5.40 show the maximum initial strains for these +45° composites;
generally, the compressive (R=10) fatigue strain is higher than the tensile (R=0.1) strain

(as expected). An interesting observation about these two figures is that the prepreg
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Table 5.5. Summary of the £45° materials tested

R= 10 R=01
Vf UCS, pc strainfor UTS, bT  strain for E
Material % MPa I06¢ycles, MPa I06cycles, GPa
% %

DB 120 fabrics
CH20 25 -230 - - 133 0.118 0.38 10.9
CH5 28 -190 0.105 -0.85 139  0.123 0.54 85
CH4 40 -171 0.112 -0.48 155 0.124 0.48 114
CH9 49 -174 0.106  -0.67 151 0.133 0.51 10.3

DB240 fabrics
CHIO 33 -163 0.126 -0.64 120 0.108 0.58 81
CH 45 -178 0.105 -0.50 145 0.104 0.46 13.6
CHII 54 -189 0.106 -0.58 134 0.114 0.38 134

DB400 fabrics
CH8 39 -146 0.151 -0.35 93 0.113 0.38 10.0
CH9 49 -174 0.106 -0.67 151 0.133 0.51 10.3

3M-SP250 Prepreg

PP45 54 -160 - - 155 0.101 0.34 17.9
Angle plies manufactured with D 155 fabric and different matrix materials
+45P 38 -138 0.089 -0.65 107 0.109 0.40 9.79
+45V2 36 -149 0.085 -0.71 136 0.119 0.45 10.3
+45P2 40 -160 - - 9% 0.109 0.35 11.4
#5V 40 -154 - - 121 0.110 0.40 10.7
0P 38 -123 0.062 -1.00 27 0.083 0.20 7.34
0v2 38 -171 - - 54 0.107 0.21 8.85
OV 40 -167 - - 49  0.108 0.18 10.3
90E2 38 -152 - - 40  0.110 0.18 7.28

Matrix Abbreviations: E2 -Epoxy (SC 14), P -Ortho-polyester

(COR63AXO051), P2 -1so-polyester (COR75AQ010), V-Vinyl ester
(Derakane 411C), V2 -Vinyl ester (Derakane 8084)
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Figure 5.37. Normalized Fatigue SN data for materials with DB 120 +45 fabric
(R=0.1and 10).
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Figure 5.38. Initial fatigue strain data for materials with DB 120 +45 fabric (R=0.1
and 10).
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Figure 5.39. Initial fatigue strain data for materials with DB240 +45 fabric (R=0.1
and 10).
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Figure 5.40. Initial fatigue strain data for materials with DB400 +45 fabric (R=0.1
and 10).
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1.2
R =10 R =0.1
_ vi UCS, W strain for uTs, hr strain for  E
0 l l M aterial % MPa 106 cycles, MPa 106 cycles, GPa
8 % %
+45P (ortho polyester) 38 -138 0.089 -0.65 107 0.109 0.40 9.79
@09 +45 V2 (8084) 36 <149 0.085 -0.71 136 0.119 0.45 10.3
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Figure 5.41. Normalized fatigue SN data for £45 composites constructed
with D 155 fabric and different matrix materials (R=0.1and 10).
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Figure 5.42. Initial fatigue strain data for £45 composites constructed with
D 155 fabric and different matrix materials (R=0.1and 10).
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Fiber volume fraction

m DB120 vDB240 - DB400 x SP350 OP v V2 o R2

Figure 5.43. Million cycle strain versus fiber volume fraction for +45
materials.

Fiber volume fraction
m DB120 vDB240 « DB400 x SP350 OP v V2 o R2 av

Figure 5.44. Tensile fatigue coefficient, b, versus fiber volume fraction for
+45 materials.
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material shows higher than average normalized stress behavior, while performing below
average in fatigue strain.

'The DB120 fabric provided a higher static strength for a specific fiber content
than the DB240 or DB400. Above a fiber volume fraction of approximately 0:45 , the
tensile strength and modulus of these composites start to decrease with increasing fiber
content; a reason for this has not been determined, but may be associated with an increase
in micro-porosity within the strands. Thinner plies have been reported to have a higher
fatigue resistance due to reduced resin thickness and interlaminar stresses [52-56].

Figures 5.41 and 5.42 show the fatigue data for the D155 constructed +45°
materials using four different resins. Dgspite the matrix dominated properties of the #45°
ma£erials, there is no significant fatigue difference in the performance of the different
resins under R=0.1 or 10 fatigue loading. The results are similar to the results of the 90°
materials tests, also listed in Table 5.5

Figure 5.43 details the million cycle tensile strain versus the fiber volume fractién,
and Figure 5.44 shows the tensile fatigue coefficient, b, versus the fiber volume fraction.
No consistent fatigue trends with fiber volume content are evident for the i4’5 ° laminates.

v

Materials With Varying Amounts of +45° and 0° Plies

The +45° and 0° fabrics were assembled in different combinations to obtain
different percentages of 0° plies in the composites. The design of structures like turbine
blades or I-beams require a material with a high shear strength and modulus for the web

and a material with a high axial strength and modulus for the main spar caps and flanges.
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Higher +45° content provides higher shear properties, while high 0° content provides

high axial properties. While these are the main drivers in the engineering of laminates, all

the materials must have adequate fatigue resistance at the strain levels imposed in service.

Fatigue Trends

Figures 5.45.through 5.56 detail the fatigue resistance in terms of normalized
maximum stress and the maximum initial strain for the materials with 16, 24, 28, 39, 50
and 55 to 63 percent 0° plies at R=0.1 and 10; these materials also differ in overall fiber
content as noted. Materials with 16 percent 0° (Figure 5.46) béhave similar to the +45°
fabrics previously discussed, with the compressive fatigue strains being at or better than
the tensile fatigue strains. At 24 percent 0° (Figure 5.48) the tensile fatigue strains are
higher than the compressive straifis for most of the fatigue trend and converge around 10°
cycles. For materials with increasing amounts of 0° material (28, 39 and 50 percent), the
difference in initial fatigue strain performance between tensile (R=0.1) or compressive
(R=10) fatigue at 10° cycles becomes smaller, and at 55 to 63 percent 0° (Figures 5.55
and 5.56), the fatigue trends bf the materials show a reduced amount of scatter. These
figures show the FF materials (FFA, FFB, FEC, FFD and FFF) which all h;;ld the same
fabrics, but with different lay-ups, to study the effect of ply stacking sequence. There
were no statistical differences between the materials or their failure modes with these
fabrics and a fiber volume fraction of 0.38. This may not be observed if significant flaws
were introduced, [57] studying carbon fiber composites with 0°, +45°, and 90° plies with

through thickness holes did find a difference of fatigue properties with stacking sequence.




Table 5.6. Summary of materials with 16 to 63 percent 0’s.

Material
(% 0's)

CHI9
CHI18

CH3
CH2
CHI13

CH15
CHI6
CH17

CH23

CH12

CH14
CH6

CC (55)
FFA (56)
FFB (56)
FFC (56)
FFD (56)
FFF (56)
BB (62)
CC2 (63)
CC3 (63)
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R= 10 R=01
Ve UCS, bc strain for  UTS, bT strain for
% MPa I06¢cycles, MPa I06¢cycles,
% %
16% 0’s (D092 0° and DB240 +45°)

3 -252 0122 -0.65 193 0.102 0.70
47  -298  0.105 -0.74 294  0.129 0.50
24% Os (0155 0° and DB240 +45°)

36 -318 0.127 -0.60 336 0.112 0.64
41  -342  0.110 -0.70 362 0.127 0.65
48 -385  0.107 -0.60 423 0.145 0.48
28% 0's (D092 0° and DB120 +45°)

32 -345 0.100 -1.02 309 0.103 0.85
40 -309 0.085 -0.80 360  0.129 0.68
48  -301 0.079 -0.94 359 0.139 0.40
39% 0's (D155 0° and DB120 +45°)

32 -448  0.106 -0.90 394 0.140 0.40
34 451  0.092 -1.15 398 0.099 0.94
44  -412  0.081 -1.00 517 0.134 0.75
49  -408  0.100 -0.80 502 0.139 0.50
50% O0's (various triax materials)

31 -330 - - 441 0.104 0.98
35 -348 0.081 -0.95 452 0.140 0.50
36 -318 0.096 -0.70 468 0.140 0.46
37 -449 - - 377 0.105 0.67
38 -286 - - 516 0.141 0.40
51 -284 - - 478 0.140 0.40
55to 63% 0's (DIOO, 0155, A130 0° and DB120 +45° )
39  -459 - - 561 0.121 0.80
38  -553 - - 716 0.123 0.80
38 -506 - - 621 0.119 0.80
38  -499 - - 624  0.121 0.79
38  -542 - - 636  0.120 0.83
38 596 - - 664  0.123 0.80
42  -308 - - 725 0.131 0.80
45 527 - - 715 0.118 0.79
45 541 - - 682 0.112 0.85

E, GPa

119
17.2

16.8
16.7
23.2

14.8
185
17.6

185
174
21.0
215

16.5
18.8
193
20.4
20.7
25.2

21.7
24.2
23.4
22.9
231
23.9
25.2
26.6
26.3
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Table 5.7. Summary of Materials with 69 to 85 percent 0° plies.

Material
(% 0's)

P (69)
DD22 (70)
DD24 (70)
DD6 (72)
DDI 1(72)
DD14 (72)

DD5V2 (72)
DD5E (72)
DD5P (72)
DD5V (72)
DD5 (72)
DD2 (72)
DD2A (72)
DD8 (72)
DD12 (72)
DD4 (72)
DD13 (72)
DD7 (72)
DD9 (72)
DDIO (72)
DD20 (73)
DD20A (73)
DD (76)
GG (84)
X (85)
TF (85)

Vf
%

40
30
39
3l
31
35
35
36
36
36
38
42
42
42
43
50
50
54
54
62
34
37
49
40
35
39

UCS,
MPa

-466
-389
-511
-505
-319
-428
-605
-521
-574
-530
-534
-581
-582
-302
-541
-314
-581
-556
-552
-313

-788
-628
-438
-454

R= 10

bc

0.094

0.071
0.090

0.064
0.056
0.072
0.057

0.079

strain for
I06¢ycles,
%
-0.66

-1.40
-0.70
-1.66
-1.42
-1.35
-1.48

-1.15

-0.45
1.03

-0.90

-1.00
-1.00

UTsS,
MPa

667
549
730
605
592
728
787
674
661
675
724
752
986
778
723
886
821
832
907
956
587
639
910
970
612
626

R=0I

bT

0.134
0.100
0.115
0.100
0.100
0.133
0.102
0.102
0.101
0.102
0.104
0.110
0.122
0.102
0.114
0.136
0.130
0.147
0.137
0.143
0.137
0.142
0.135
0.116
0.091
0.102

strain for
I06cycles,

%
0.48
113
1.05
115
1.20
0.60
1.39
1.10
1.16
111
115
0.95
0.94
0.90
0.85
0.55
0.80
0.40
0.46
0.35
0.50
0.50
0.60
1.10
1.05
0.97

E,
GPa

22.5
19.6
23.9
211
20.0
251
22.3
23.6
24.2
23.7
25.2
27.0
28.0
27.1
26.4
31.0
29.5
32.0
34.6
42.5
22.2
25.3
31.3
28.0
25.4
25.0
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Fig%r,g 5.45. Normalized S-N fatigue data for materials with 16 percent 0°
plias, [£45/0/+45]s layup with D092 and DB240 fabrics, R=0.1and 10.
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Figure 5.46. Maximum initial fatigue strain data for materials with 16
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and 10.
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R =10 R=C 1
Vr ucs, bt strain for UTS, bpj strain for E,
Material % MPa 106 cycles. MPa 106 cycles. GPa
% %

l 1 CH2 41 -342 0.110 -0.70 362 0.127 0.65 16.7

CH3 36 -318 0.127 -0.60 336 0.112 0.64 16.8 -
S CHI3 48 -385 0.107 -0.60 423  0.138 0.48 23.2
2 0.8
V>
E
| 06 (ra VI
((»)
E

vV W OD DOO
..... ww'vV
©
F R = 0.1 (solid symbols)
0.2 _
R = 10 (open symbols)
I N 1ni -H-H -H - 1--11
1EO 1E1 1E2 1E3 1E4 I ES 1E6

Cycles to failure
v CH2 m CH3 +« CH13 O CH2 v CH3 o CH13

Figure 5.47. Normalized S-N fatigue data for materials with 24 percent Q0
plies, [+45/0/+45]s layup with D 155 and DB240 fabrics, R=0. | and 10.
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Figure 5.48. Maximum initial fatigue strain data for materials with 24
percent 0° plies, [£45/0/£45]s layup with D155 and DB240 fabrics, R=0. |
and 10.
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1.2
R =10 R=01
Vr UCS, pc strain for UTS, pr strain for E,
Material % MPa 106 cycles, MPa 106 cycles, GPa
Il % %
I CHI5 32 -345 0.100 -1.02 309 0.103 0.85 14.8
Q CHI6 40 309 0.085 -0.80 360 0.129 0.68 185
1 CHI7 48 301 0.079 -0.94 359 0.139 0.40 17.6
208 - - T T N
o
E " T o« oo h \
)(E 06 mm TW 7N
Q
E (e]
I 0.4 T r G—t#
m []
7 0.2 R= 0. (solid symbols)
' R - 1C (open symbols)
O 1l Fi-FH# — i limn — i—f-H Hti ——1-1"H (Il ———MHH I — M Amu ——F & |1 Mil
1EO 1E1 1E2 1E3 1E4 1E5 I ES 1E7
Cycles to failure
v CH15 - CH16 +« CH17 O CH15 v CH16 o CH17

Figure 5.49. Normalized S-N fatigue data for materials with 28 percent 0°
plies, [£45/0/+45]s layup with D092 and DB 120 fabrics, R=0.1and 10.

4
|.
3.5
li
N3
I 25
vy
I
I 15 ; -
........... Voon ° d
58 1 ooe” v ]
R = 01 (solid symbols) c«im ® r cP->
R = 10 (open symbols #
05 (open sy )
0 — 1- HIH Mil =% F-H-FHI— 1 1 2000 — 1 1 200 e L L s HF=HIH =11 1T
1EO IEI 1E2 1E3 | E4 1E5 1E6 1E7

Cycles to failure
v CH15 m CH16 +« CH17 O CH15 v CH16 o CH17
Figure 5.50. Maximum initial fatigue strain data for materials with 28
percent 0° plies, [£45/0/£45]s layup with D092 and DB 120 fabrics, R=0.1
and 10.
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1.2
R =10 R=0I1
r, UCS, b, strain for UTS, br strain for E,
Material A)MPa 106 cycles, MPa 106 cycles, QPa
9% | . .
V\? CH6 49 -408 0.100 -0.80 502 0.139 0.50 215
- _ _ CH12 34 -451 0.092 -1.15 398 0.099 0.94 17.4
CHI4 44 -412 0.081 -1.00 517 0.134 0.75 21.0
0 8 -448 0.106 -0.90 0.40 185
@ ob "o o
E o tIXri v EDO
E 0.6 "
5 _ -
X Sg m [¢] g
"'S0.4 v
? ToT
0 R- 01 solid symbcsis)........... !
' R= 10( Dpen symbc. .,
0 ————————— 1 1 1IHM =1 1 LTI =1 M Imi el LTt HM =1 LT =2 FLLEE L — 0 121 1l
1EO 1E1 1E2 1E3 | E4 1E5 1E6 1E7

Cycles to failure
TCHe mCH12 -CHM =CH23 v CHs nCH12 o CH14 %CH23

Figure 5.51. Normalized S-N fatigue data for materials with 39 percent 0°
plies, [+45/0/+45]s layup with D 155 and DB 120 fabrics, R=0 | and 10.

R = 0.1 (solid symbols)
R = 10 (open symbols)

Cycles to failure
T CHé m CH12 * CH14 %CH23 v CHs6 o0oCH12 o CH14 %CH23

Figure 5.52. Maximum initial fatigue strain data for materials with 39
percent 0° plies, [£45/0/£45]s layup with D155 and DB 120 fabrics, R=0.1
and 10.
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R =10 R =0.1
vrucs, kb strain for UTS, br strain for E,

Material % MPa |Bcycles, MPa 1QBcycles, GPa
% %

AA 35 -348 0.081 -0.95 452 0.140 0.50 188

AA3 51 -284 — 478  0.140 0.40 25.2

1 """"""""" AA4 37 -449 - — 377 0.105 0.67 20.4
_2a0.8 g - oD
E oc |
1 0.6
Cé rw. _ " . Tra—
I 04
co
E .
| 0.2 R = 0.1 (solid symtWs) » m

) R= 10 (open symbols)

0 — [T T T T T 1y ey I I e,y Oy [ e,y Iy [ [ T2 ey V = QLR

1EO IEI 1E2 1E3 1E4 I ES 1E6 1E7

Cycles to failure
v AA = AA3 « AAA O AA v AA3 o AA4

Figure 5.53. Normalized S-N fatigue data for materials with 50 percent Q0
plies, [£45/0/]n layup with stitched triax fabrics, R=0.1and 10.

<
III
E 1 _ _ o _
4,
I 15
2 H
|[_]| rT
| 15 T .
. L.e
—_ T *e @
* 00
| - =~ 0]
R =0.1 (solid symttis) u v
= O (open symtols) u
— I-H-HFRtFE----1 LI — ti L ini —in i ini —--FHHAVF---11 TIMI-—-ti || M
1E0 1F1 E2 1E3 1E4 | ES 1E6
Cycles to failure
v AA AA3 « AA4 o0 AA v AA3 o AA4

Figure 5.54. Maximum initial fatigue strain data for materials with 50
percent 0° plies, [+45/0]Nlayup with triax fabrics, R=0.1and 10.
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Cycles to failure

Figure 5.55. Normalized S-N fatigue data for materials with 55 to 63 percent
0°plies, R=0.1.

Cycles to failure

Figure 5.56. Maximum initial fatigue strain data for materials with 55 to 63
percent 0° plies, R=0.1
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Figure 5.57 details the million cycle tensile strain data versus the fiber volume
fraction for the materials with 19 to 63 percent 0° plies. As the fiber content increases,
the million cycle strain falls, except for materials BE, CC, CC2, CC3 and the FF series,
which remain almost constant. These materials show a million cycle strain insensitivity
over the fiber volume fraction range of 0.36 to 0.45; higher fiber contents have not yet
been tested. The tensile (R=0.1) fatigue coefficient, b, versus the fiber volume fraction is
shown in Figure 5.58. As the fiber content increases, the tensile fatigue coefficient
increases, again except for materials CC, CC2, CC3 and the FF series. The lay-up of these
materials are summarized in Table 5.8 and the improved fatigue behavior may be due to
the use of a lighter more uniform fabric with less stitching QD100 fabric 0°) and more

plies.

..CH23 (mat)

0.4 0.45
Fiber volume fraction

n 19%0's v 24%0's a 28% 0's a 39% 0's m 50% 0's « 551t0 65% O's

Figure 5.57. Million cycle tensile strain data versus fiber volume fraction
for materials with 19 to 63 percent 0° plies, R=0.1
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Figure 5.59 shows the normalized S-N fatigue data (R =0.1and 10) for some of
the materials with 72 to 85 percent 0° plies. The material lifetime scatter is similar to the
materials with less than 55 percent 0° plies and the compressive fatigue behavior is better
than the tensile behavior. The reason for the materials with 55 to 63 percent OO0 plies
having a less scatter in fatigue (R=0.1and 10) than all the other materials tested has not

been determined.

CH23 (mat)

o0 0.13
% 0.12

N 011

S/So=1-blog N

Fiber volume fraction
D 19% 0s Vv 24%0's A28%0's a39%Qs m50%0s <+ 55t065% 0's

Figure 5.58. Tensile fatigue coefficient, b, versus fiber volume fraction for
materials with 19 to 63 percent 0° plies, R=0.1.
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Table 5.8. Lay-up summaries for materials with 55 to 63 percent 0° plies.

Material \p9%  Ply Configuration — Matrix Fabric Description
BB 42 [£45/02+45]s P Os-A130 (62%), 45's-DB120
CC 39 [£45/02+45]s P 0Os-D100 (55%), 45's-DB120
CC2 45 [£45/03+45]s P O's-D 100 (63%), 45's-DB 120
CC3 45 [0/£45/02+45]s P Os-D 100 (63%), 45's-DB 120
FFA 38 [£45/0/0/£45]s P
FFC 38 [0/£45/+45/0]s P
FFD 38 [0/0/+45/+45]s P
FFF 38 [£45/+45/0/0]s P

Cycles to failure
- DD2 (72% 0's, R=0.1) * DD25 (76% 0's, R=0.1) * Y (85% 0's, R=0.1) * GG (84% 0's, R=0.1)
a DD2 (72% 0's, R=10) ? DD25 (76% 0's, R=I0) ay (85% 0's, R=10)
Figure 5.59. Normalized S-N fatigue data for materials with 72 to 85
percent 0° plies.
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Effect of'R Value

Figures 5.60 and 5.61 shows stress and strain S-N data for R values of 0.1, 10,
and -1.0 for material DD5P. The COmpressive one-cycle strerigth is typically lower éhan
the tensile strength, but the fatigue coefficient, b, is also lower (less fatigue sensitiixe), SO
the R = 0.1 and 10 data sets usually cross at some point as the stress decreases. The
reversed loading (ténsion - compression) case, R = -1, tends to follow below the stresses
for the lowest of the other curves, being dominated by compression at higher stresses
(shorter lifetimes) and tension at lower stresses (longer lifetimes). The corresponding one
million cycle maximum initial strain values for R = 0.1, 10, and -1.0 are 1.15%, 1.30%,
and 0.62%, respectively. The strain value is usually the lowest for R = -1.0, while the -
fatigue coefficient, b, for this case is poorly defined bgcause the failure mo&e shifts from

compression to tension dominated. Thus, these data are markedly nonlinear.

Comparison of Materials

Figure 5.62 gives the tensile fatigue strain based S-N data for a broad sampling of
the database, including both MSU and industry fabricated materials. The results show a
very broad range of performance, varying from the best observed fiberglass response (b =
0.10, 10° cycle € = 1.2%), evident for many materials, to much p‘oorer performance. The
one million cycle strain varies down to about 0.4% for the poorest materials, and b
increases to about 0.14 for these same materials. The consequences of the poorer
materials relative to the best materials are lifetimes of over 100 times shorter and stresses

and strains reduced to as low as one-third of the values for typical material DD5 in the
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Figure 5.60. Maximum fatigue strain versus cycles for material
DD5P, R=0.1, 10 and-I.
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Figure 5.61. Maximum fatigue stress versus cycles for material DD5P,
R=0.1, 10 and -I.
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Figure 5.63 gives a simplified representation of the normalized maximum stress
mid-stress range. This materials difference could represent a factor of three in wind
turbine b}ade weight if the entire blade length were tensile fatigue dominated in design
(which is unlikely). data in terms of "best" and "worst" normalized S-N performance
under tensile loading. While fatigue limits havg not been rigorously established, failures
have not been observed at maximum stresses below S/S, = 0.15 in the database, which
extends to between 107 and 10® cycles for several materials. This figure should not be
interpreted to indicate that S/S, = 0.15 represents a fatigue limit out to any cycle range.
Rather, it indicates that even the poorest performing materials (containing significant 0°
fibers) do not fail at stresses below this value over the cycle range tested. Materials with
few or no fibers in the 0° direction often fail at much lower strains than those of the
“worst” materials in Figure 5.62, as discussed earlier, but still with S/So > 0.15.

Figures 5.64, 5.65, and 5.66 give corresponding results for the overall database at
R =10 and -1.0., with the -1 data normalized by the compressive strength in Figure 5.65
and the tensile strength in Figure 5.66. There is considerably less variation in fatigue
performance between different materials under compressive loading (R = 10), as
compared to tensile fatigue (R = 0.1). The compressive fatigue response is actually
slightly better than the best tensile fatigue performance, with b values generally in the
0.07 to 0.10 range. The reversed loading perfqrrnahce, as noted earlier, is slightly worse
than the lowest (lowest stresses on the S-N curve) of the tensile and compressive fatigue
data sets. At worst, the strains under reversed loading are around 0.40% at one million
cycies, with the best performance around 0.70%. Table 5.9 compares these values for

several materials.
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Figure 5.62. Tensile fatigue data for various MSU and industrial materials,
R=0.1

Cycles to failure, N

Figure 5.63. Extremes of normalized S-N tensile fatigue data (R = 0.1) for
fiberglass laminates with at least 25 percent of the fiber in the 0° direction.



124

S/ISo=1-blogN

b=0.07

303

2 0.2

| E3 1E4 1E
Cycles to failure, N

Figure 5.64. Normalized compressive fatigue data for standard coupons
with 25 percent or greater percent 0° fibers, R=10.

S/So- 1 -blogN

b=0.12

3 03
b=0.18
$0.2

Cycles to failure, N

Figure 5.65. Reversed loading fatigue data normalized by the compressive
strength for materials with 25 percent or greater percent 0° fibers, R = -I.
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S/So=1-blogN

2 0.3

Cycles to failure, N

Figure 5.66. reversed loading fatigue data normalized by the tensile
strength for materials with 25 percent or greater 0° fibers, R = -I.

Table 5.9. Summary of fatigue results: tensile (R =0.1), compressive (R= 10) and

reversed loading (R = -1).

SENCY R= 10 R
Material vF % bT  strain be strain bR
% 0° for 106 for 106
cycles, cycles,
% %

37 70 0114 052 0100 -0.72 0.136
38 50 0.140 046 0.096 -0.70 0.135
40 48 0.134 048 0.099 -0.66 0.133
AA 3% 50 0140 050 0081 -095 0.139
EEAV 49 70 0.100 0.75 0.077 -1.30 0.068
DD4 48 72 0136 055 - - 0.123
DD5E 36 72 0110 120 0.056 -142 0.123
DD5P 36 72 0101 116 0.072 -135 0.135
DD5Vv2 35 72 0102 139 0.064 -166 0.117
DDII 31 72 0100 120 0.090 -0.70 0.095
45D155* 38 0 0109 040 0.089 -065 0.148
AMaterial 45D155 was a £45° composite

T Z2 I

-1
strain
for 106
cycles,
%

0.45
0.30
0.42
0.40
0.70
0.50
0.66
0.62
0.68
0.60
0.25

E, GPa

24.0
19.3
22.5
18.8
28.2
31.0
23.6
24.2
213
20.0
9.79
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The stitched fabrics used in this study were expected to behave more like uniform
layer composites common in materials such as prepreg laminates, which show a fatigue
coefficient, b, of about 0.10 at R=Ol.1 [60]. However, early results in this study with the
Triax fabrics showed trends following the “worst” behavior in Figure 5.63 [3]. The Triax
fabrics vary in detail, but have +45° strands stitched against the 0° strands. Detailed
experimental study of these materials showed that the 0° strands failed at these stitch
points [3]. A very detailed finite element model for the individual strands with cracked
matrix found the apparent cause of this problem: if there is no layer of resin matrix
between the strands, matrix cracks along the 45° strands will produce significant stress
concentrations in the 0° load-bearing strands. Results reported in References 3, 4, and 58
showed that the Triax reinforced materials failed under tensile fatigue loading shortly
after the +45° layers failed, giving it the worst behavior. In general, it is expected that a
composite will be designed to fail in a “fiber dominated” mode, where the trend, b, is the
same as for the 0° material alone. Here, the combination of glas:s fiber properties and
tightly stitched fabrips resulted in composite failure soon after matrix failure, a behavior
which is “matrix dominated”: Since matrix failure in 45° layers occurred at lower strains
than for fiber failure, this produced poor composite performance in tensile fatigue.

Unfortunately, this matrix dominated response is not limited to Triax
reinforcements. Addit.ional tests [7] have shown similar behavior under some conditions
with separate 0° and +45° layers, and even with 0° unidirectional stitched fabric
composités without any +45° material. Figure 5.67 shows the database trends for several
materials at R=0.1, but broken into several groups. The top. group (denoted with the solid

triangles in the figure) behaves like the “best” materials, with b close to 0.1. The middle
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group (denoted by an open triangle) behaves like the “worst” materials, with b close to
0.14. The lower group of materials (denoted b'y a solid square) are +45 laminates
containing no0° layers. Just as determined for Triax laminates earlier, Figure 5.67
indicates that the poorly performing laminates with 0° layers.fail close to the “worst” line
in Figure 5.62, because they fail shortly after the +45° layers reach their failure condition.
Thus, the “worst” line in Figure 5.62 appears to originate from matrix failure in the +45°
layers, where present. Unidirectional laminates with only 0° layers which show “worst”
behavior (at high V) appear to fail shortly after the fabric stitching debonds. In general,
the trends with Vi for laminates with 0° and +45° material are similar to those for the
unidirectional materials (Figures 5.33 and 5.34), but the transitions to greater fatigue
sensitivity occur at slightly lower values of Vi, when +45° material is present.

Tensile S-N data for the DD series of structural materials (72% 0°, 28% +45°) at
various overall fiber contents are given in Figure 5.68. The trends are clear: at fiber
volume fractions below 0.42 the data follow the “best” line in Figure 5.62, b = 0.10; at
higher fiber contents the data approach the “worst” condition, b = 0.14. Thus, there is a
transition with increasing fiber content from “best” to “worst” fiberglass behavior in
tensile fatigue. The strains at 10° cycles shown in the insert on Figure 5.68, follow a
similar trend, from around 1.0 to 1.2% at lower fiber content to 0.6 to 0.7% at higher fiber
content. Even though the increasing fiber content raises the static modulus and ultimate
tensile strength, the fatigue performance deteriorates significantly on either a normalized
(b) or absolute (strain at 10° cycles) basis. Figure 5.69 shows the tensile and compressive
fatigue coefficient, b, versus the fiber volume fraction for most of the DD series with

D155 stitched fabrics and A130 woven fabrics.
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The data are also interesting when plotted as the million-cycle initial maximum
strain which can be withstood in tensile fatigue. Figure 5.70 gives the million-cycle strain
plotted against the percent 0° layers for low and high fiber volume fraction ranges. At
high fiber contents, where b approaches the “worst” value close to 0.14, the million-cycle
strain is about 0.5% for the £45° laminates alone, and for all laminates containing 0° and
+45° layers, rising slightly for the pure unidirectional (0°) laminates. This is consistent
with the view that the “worst” behavior corresponds to laminate failure when the £45°
layers or matrix regions fail (all layers are at the same strain). This is matrix-dominated
behavior, since the laminate fails shortly after matrix cracks form in the £45° layers.

Compression and reversed loading trends are detailed in Reference 2.

2.6
2.4 Material VFf
R B [+45]s  0.28 - 0.49
2.2 —A +  [0/+45/0]s 031 - 0.42
2 A [0/+45/0]s 0.43 - 0.62 -

116 e
A
| 14 )
I 1.2
| 1
aos
5 0.6 AfePi ' */
0.4
0.2

0 -i-mm I MMl -H- -H- -t 1l Imu Qdimu

1EO 1E3 1E4 1ES 1E6 1ES
Cycles to failure

Figure 5.67. Strain fatigue data for [£45]s and [0/+£45/0]s materials, R=0.1
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S/So=1-blogN Tensile  strain for
Material strength, 1@ cycles,
So, MPa %
b =0.10
WO0.8
b=0.14

DD2 Ao DD4 # DD5 v DDG X DD7
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Cycles to failure, N

Figure 5.68. Effect of fiber content on the normalized S-N data, R=0.1,
for DD materials [0/+45/0]s.

S/So=1-bLogN

tension (R =0.1) DDI 3

u 0.12

DD5P DDI3
DDII

compression (R= 10)

DD5P

0.42 0.46
Fiber volume fraction

Figure 5.69. Fiber content versus fatigue sensitivity coefficient, b, for
DD materials.
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m Vp=03-04 v Vp =0.45-0.55
|
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+
All £45 Percent 0 plies AllG0

Figure 5.70. Initial strain for 106cycles (R =0.1) versus percent 0° plies,
D 155, CH and DD materials.

Failure Modes

Figures 5.71 to 5.83 show photographs of typical failed specimens for a variety of
materials and loading conditions. Failure modes for all tests in the database were
compared, and, for the most part, few strong trends were evident. This section describes
the main differences seen in failure modes.

Testing of unidirectional materials of fiberglass in tensile fatigue is difficult, as
noted earlier. Figure 5.71 compares failures of unidirectional Material A tested in the
standard tabbed configuration and the tapered thickness configuration (Figure 2.6). The
failure is much improved for the tapered specimen, with the brooming-type of separation
as compared with failure under the tabs for the standard specimen. However, differences

in the tensile fatigue results for the two cases were not significant. Figures 5.72 t05.74
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show typical failures for unidirectional RTM materials with two fabrics and low vs high
fiber content. The A130 fabric failures show a clear association with the bead over which
they are woven, particularly in compression. The D155 fabric based materials show 1o
effect of the stitching in the failure patterns; axial splitting is evident at high fiber content
in compression.

Figures 5.76 through 5.81 show materials varying from low to high percent 0°
layers at different fiber contents. The 0° layers include both woven (A130) and stitched
(D155) fabrics. Other weights of these types of fabric show similar failures. The tensile
static and fétigue failures become less localized, with more specimen-long brooming as
the fiber content increases. The bead effects evident in the unidirectional A130 materials
are also evident when +45° layers are added. Cracking and delamination at tapered-width
specimen shoulders (described in Figure 4.6) is more prominent, even at low cycles, as
the percent of 0° layers increases. The typical structural materials such as DD5 (Figure
5.80 and 5.81) show severe shoulder delamination, but failure zones (failed 0° strands)
can be seen in the-gage section prior to failure at low stresses. At high fiber contents
(Figure 5.82), the failures tend to localize in the gage section, with less shoulder damage.
The D155 fabric with stitching removed (Figure 5.83) behaves similarly. Shoulder

damage starts as splits parallel to the 0° fibers at the break between cut and uncut 0°

material, with interply delamination then developing at higher loads or cycles. Specimens

which fail away from the shoulder area are preferred, since there is no possible effect of
specimen geometry on the test. However, for many materials, this has been impossible to

achieve for all specimens in a series of S-N tests.
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Figure 5.71. Comparison of tensile fatigue test coupons, unidirectional Material A (Vf=
30%). Standard test coupon (top) and thickness tapered coupon (bottom).

Figure 5.72. Unidirectional materials based on A 130 fabric (Material A130C, V= 35%).
From top to bottom: static tensile coupon; tensile fatigue (R = 0.1, 345 MPa); static
compression, and compression fatigue (R= 10, 276 MPa)
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Figure 5.73. Unidirectional low fiber content materials based on D 155 fabric (Material
D155B, V= 39%). Static coupon (top), tensile fatigue R = 0.1, 345 MPa (bottom).

Figure 5.74. Unidirectional high fiber content materials based on D 155 fabric (Material
D155G, Vp = 59%). From top to bottom: tensile fatigue, R = 0.1 coupons tested at 552
and 276 MPa; static compression and compression fatigue (R= 10, 483 MPa).
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Figure 5.75. Material GG (VF= 40%) with 84% QOO0 in the loading direction showing
heavy brooming upon failure, tensile fatigue (R = 0.1, 345 MPa).

Figure 5.76. Material CH9, (Vf=49%, all £45 layers). From top to bottom: static tensile

coupon, tensile fatigue, (R = 0.1, 86 MPa); static compression and compression fatigue
(R= 10, 86 MPa).
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Figure 5.77. Low fiber content, low percent 0°s. Material CH3 (VF= 36%, 24% 0's).
Static tension coupon (top) and tensile fatigue (R = 0.1, 72 MPa).

Figure 5.78. High fiber content, low percent 0’s. Material CH13 (VF= 48%, 24% Q's).
Static tensile coupon (top) and tensile fatigue (R = 0.1, 172 MPa).
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Figure 5.79.Moderate fiber content and percent 0’s. Material CH14 (VF= 44%, 39% 0's).
From top to bottom: static tensile coupon; tensile fatigue (R = 0.1 172 MPa); static
compression; and compression fatigue (R= 10,241 MPa).

Figure 5.80. Standard structural material at low fiber content, 72% 0’s. From top to
bottom: Material DDI | (A130 fabric 0’s, V= 31%); tensile fatigue (R =0.1,276 MPa);
compression fatigue (R= 10, 172 MPa); and Material DD6 (D155 fabric 0’s, V£= 31%);
tensile fatigue (R =0.1,276 MPa); and compression fatigue (R = 10, 379 MPa).
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Figure 5.81. Standard structural material with 72% O's, (Material DD5, V= 38%). From
top to bottom: static tension, tension fatigue (R =0.1) 310 MPa and 276 MPa.

Figure 5.82. Standard structural material at moderate fiber content, Material DD12 (71%
A 130 0° fabric, V= 43%), (top) tensile fatigue (R = 0.1, 241 MPa) and DD5 (72% D 155
0° fabric, V= 38%) tensile fatigue (R =0.1, 345 MPa).
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Figure 5.83. Standard structural materials at higher fiber content, from top to bottom:
Material DD 13 (71% A 130 fabric, V= 50%), tensile fatigue (R = 0.1, 345 MPa);
Material DD7 (72% D 155 fabric, Vf= 54%), tensile fatigue (R = 0.1, 207 MPa); Material
DD9 (72% D 155 fabric, stitching removed, V£= 54%), tensile fatigue (R = 0.1, 207
MPa); Material DD7 static compression, and compression fatigue (R= 10, 345 MPa).

Compressive failures are very similar for static and fatigue tests, with a
symmetrical splaying-out of the layers from the unconstrained specimen surfaces. Little
damage is evident in the compressive specimens prior to sudden failure. The A 130 fabric
based materials often show independent delamination of strands at failure in compression
(Figure 5.80). The thermoplastic-coated bead over which strands are woven is evident in

this figure.

Fabric Architecture Effects

These results indicate a similar trend for all stranded E-glass fabric reinforced
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laminates toward a steeper S-N curve (higher b) as the fiber content increases, with the
presence of off-axis (+ 45°) layers shifting this transition to lower fiber contents. Fabrics
with an effectively high fiber content inherent in the fabric construction, Triax materials
with 0° and £45° strands stitched tightly together, show poor fatigue resistance over the
entire fiber content range studied.

The problem of fin&ing a fabric for structural areas with good fatigue properties,
good compressive strength, and a high percentage of warp unidirectionals has led in
several directions, but has not been solved at this writing. One type of fabric available
from Owens Corning Knytex is warp unidirectionals similar to D155, produced by
stitching strands to a light mat material (CM1701). D155 in weft unidirectional ﬁrovides
a good balance of properties at fiber contents below 42 percent, but is not produced as a
warp unidirectional. The CM1701fabric was tested at 38 percent fiber volume fraction
with the results showing disappointing tensile (R=0.1) fatigue results, with b = 0.126 and
the million cycle strain at 0.64 percent.

Figures 5.84, 5.85 and 5.86 show photographs of the fabrics used in this study.
Figure 5.84 shows the unidirectional stitches and adhesively bonded fabrics. The D072,
D092, D155 and UC1018YV fabrics had “good” fatigue behaviors (R = 0.1 and 10) up to a
fiber volume fraction of approximately 0.40. At higher fiber contents the fatigue
performance shifted towards the “worst” behavior shown in Figure 5.63. The A1010 and
CM1701A fabrics performed below expectations and provided poor fatigue behavior,
especially the A1010 fabric with loose stitching. Microscope specimens of these two

materials revealed large and continuous matrix cracks around the stitching. It is believed
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that the stitching provided a path for the cracks to develop and easily debond the fiber
strands causing delamination and eventual failure. |

Figure 5.85 details the woven unidirectional fabrics and three +45° fabrics which
were tested. The A060 fabric was poorly constructed with a weaving thread and
thermoplastic bead which was more suited for heavier fabrics. The right hand side of the
A060 fabric photograph shows thermoplastic adhesive from other beads on the fabric roll.
This thermoplastic bead material did not bond well to the matrix materials and was a
starter location for cracking. The A130 and A260 fabrics performed similar to the D155
stitched fabric in tension fatigue (R=0.1), but due ’Fo the pre-buckled geometry, had a
ultimate compressive strength of less than 50 percent of the D155 fabrics. The DB120
fabric provided a higher static strength for a specific fiber content than the other fabrics.
The DBM1204B fabric (not shown) was the DB120 stitched to a glass mat, which
showed poor fatigue behavior as the other fabrics containing a mat.

Figure 5.86 ShO\;VS the two Triax fabrics, front and back faces. The CDB-200
fabric showed consistently poor fatigue performance at all fiber contents, while the TV-
3400 showed better fatigue performance. The TV-3400 fabric had less stitching and had a
weight which was twice as heavy as the CDB-200 fabric. Additional tests on higher fiber

volumes need to be performed on this Triax.
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13 mm X 13 mm photographs

Figure 5.84. Photographs of unidirectional stitched and adhesively bonded
fabrics.
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Figure 5.85. Photographs of woven unidirectional and stitched +45
fabrics.
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Q0 face CDB-200 Triax +45° face

Q0 face TV-3400 Triax +45° face
25 mm X 25 mm photographs
Figure 5.86. Photographs of stitched Triax fabrics.
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Conclusions

The tensile fatigue (R = 0.1) performance of glass fibers and unidirectional strands
is a property inherent in the fiber reinforcement. Smaller fiber strands gave the best
tensile fatigue_performance. The high cycle strand fatigue data suggest a leveling off of
the S-N trend between 10® and 10° cycles, but more high cycle data are needed to
establish this observation. No clear fatigue limit was observed. With fabrics containing
stitching or weaving, this fatigue performance decreases to a fatigue coefficient of
approximately 0.10 for lower fiber volume fractions, with a significant increase in
sensitivity to around 0.14 for high fiber contents, where fatigue appears to be associated
with stitching and matrix cracking.

The Triax material, based on CDB200 fabric with 0° and +45° layers stitched
together, shows poor performance even at low overall fiber contents; similar data for
several other Triax materials are given in References 4 and 5, and in the database. The
DD materials, with separate 0° and +45° layers, show a transition from good to poor
fesistance as the fiber content increases, with the transition centered around 42 percent
fiber by volume; this transition is at a slightly lower fiber content than with all 0°
materials. When the stitching is manually removed from the D155, 0° fabric, the trend to
increasing b Wiﬁh fiber content is shifted to still higher fiber contents, so that good fatigue
resistance is now observed above 50 percent fiber by volume. The D155 materials with
stitching removed are difficult to handle, and show fiber wash problems during matrix
infiltration. Literature values [60, 61] for E-glass/epoxy prepreg laminates with a very '

uniform distribution of fibers in each layer show a b-value close to 0.10 at 50 to 60
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percent fiber by volume, demonstrating that much of the fatigue problem in tension is
related to the stranded fabrics.

It has been reported consistently in the course of this study [3, 4, 7] and in the
European database [58] that changes in the matrix material have minimal effects on the
static and fatigue properties of standard coupons. This has been explored under very well
controlled conditions with the RTM process for materials DD5E, DD5P, DD5V, and
other +45° and 90° composites for epoxy, polyester, and vinyl ester matrices at the same
fiber content and with other parameters held constant. All the data suggests that there is
no significant difference in the fatigue performance of these composites using different
matrix materials under dry, room temperature conditions. The main matrix effects occur

in delamination resistance and environmental resistance, as reported in Reference 17.
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CHAPTER 6

BALANCED ANGLE PLY LAMINATES

Background Information

To reduce the number of design variables, plies in most composites are orientated
at either 0°, 90° or +45°; however, other orientations may provide optimum properties in
some lapplications. Furthermore, the £45° fabrics used in this study had very poorly
controlled orientation due to inaccuracies in the original fabric, or fiber movement either
in handling or during the resin transfer molding process. Thus, a study of the effects of
orientation on fatigue properties was performed. The initial study concentrated on
balanced angle ply composites with angles of +30°, i—40°, #45°, +50° and +60°, which
was later expanded to include +10°, ‘120°, +70°, +80° and 90° laminates.

Most of the materials in the database with +45° plies used the Owens Corning
Knytex DB120 fabric. The DB120 fabric, as well as the heavier DB240 fabric, has fiber
tows that are lloosely stitched together and can be easily stretched during handling and
composite manufacture, which alters the fiber orientation angles. The +45° fiber
orientation of the fabric could be easily changed by approximately +6° to £10° by
handling (fabric unrolling). The angle orientation change from +45° had been noticed in
all the MSU manufactured laminates and the industrial supplied materials included in the

DOE/MSU composite material database [2]. The actual ply angles of the 0°/+45° and
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+45° laminates listed in the database were measured following matrix digestion, and are
summarized in Table 6.1. Most of the industrial materials involved an Owens Corning
triaxial fabric (07+45°), CDB200, which is a 0° fabric (D092), stitched to a +45° fabric

(DB 120).

Table 6.1. Measured angles of 0/£45 and +45 materials listed in the database.

Average

Material Measured Angles Measured
*+ Angles

F [-55/48/0/-53/48/0/-49/47/0/-50/53/0] 497-52°

G [0/-50/50/0/-50/51/0/-50/52/0/-50/53] 527-50°

H [45/-43/0/50/-47/0/43/-47/0/0/49/-47/0/50/-46/0/44/-48]  477-46°

J [0/47/-47/0/50/-46/0/45/-47/45/-46/0/46/-45/0/51-42/0]  477-46°

M [43/-49/0/43/-43/0/45/-46/0/37/-44/0] 427-46°

N [42/-49/0/42/-50/0/42/-51/0/42/-48/0] 427-50°

P [0/45/-42/Mat/0/0/Mat/40/-42/0] 437-42°

R [0/33/-42/0/37/-39/0/49/-34/0/37/-42] 397-39°

T [0/-53/54/0/-53/53/0/-54/53/0/-52/51] 537-53°

U [0/42/-41/0/42/-42/0/43/-41/0/42/-42] 427-42°

\% [0/45/-46/0/45/-44/0/45/-45/0/46/-45] 457-45°
W [55/-48/0/55/-48/0/56/-48/0/55/-48/0] 557-48°
X [0/0/M/-51/50/0/0] 507-51°

Y [0/0/M/35/-53/0/0] 357-53°
DB 120 [42/-51] 427-51°
DB240 [42/-51] 427-51°

DB400 [40/-51] 407-51°
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It was very difficult to prevent the original fiber orientations from changing during
typical manufacturing operatioﬁs. Careful fabric cutting, handling and RTM injection
limited the maximum fiber misalignment of the DB 120 fabric to. approximately -3°
deviation from the +45° ply and an average of +6° from the -45° ply giving an overall
fabric orientation of [+42°/-51 "’]. This was the typical fiber orientation found in the MSU
manufactured materials listed in the database dealing with the +45° Knytex fabrics. The
construction of larger, non-flat or more cqmplex composite shapes V\;Ollld cause further

.difficulty with fabric handling during construction. Part of the fiber orientation problem is
the physical ~tensi.on force required as the fabric is spooled on and off of the fabric storage
roll. This tension, and the loose structural stitching, allows for easier fiber reorientation,
with biasing towards the fabric rolling (tension) direction. It should be noted that in high
technology applications (prepreg or filament winding) such as aerospace, a fiber
orientation tolerance of +0.5° to +1° is common.

Although this study involved balanced lay-ups, with equal numbgrs of +0 and -6
plies, more research is required to study the effects of unbalanced lay-ups, which would
better represent the actual composites.

The balanced angle-ply composites were manufactured using six plies of the
Owens Corning, Knytex D155 fabric and the CoRezyn 63-AX—0;51 o.rthothalic polyester
resin. The D155 unidirectional fabric was easily manipulated into the various ply angles
and the general D155 zero degree properties were well understood and documented in the
database. A balanced laminate (0 °)y, rather than a balanced symmetric laminate (+0°),

was used to more accurately represent the MSU manufactured materials listed in the
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database. A symmetric eight-ply laminate would have two plies with the same orientation
in the center. The double center ply would matrix crack in both plies at once creating a
matrix crack two plies in width, compared with the single-ply cracks in typical laminates.
Thus, the unsymmetric case was chosen to avoid larger matrix cracks.

General angle-ply data are summarized in the database and are also shown in
Table 6.2, for the static strength, longitudinal modulus and major Poisson’s ratio, which
are values that could be calculated by standard laminate analysis techniques. Very limited
angle ply fatigue data (R = OT) are available elsewhere [61-64], with all these data being

at a high enough testing frequency (17 to 30 Hz) which may have forced thermal, rather

Table 6.2. Properties of MSU manufactured (RTM) fiberglass materials with balanced
angle plies.

R=10 R=0T
ve UCS .. strainfor UTS, bT strainfor E .,
Angle % MPa I06cycles, MPa 1GBcycles, GPa
% %
[0]5 39 -653 0.077 -1.10 854  0.093 112 315 032
[+100]3 38 -384 - 277 0.068 0.62 279 0.38
[+20°]3 39 -287 - 268 0.079 0.55 24.2 0.56

[+30°]3 40 -176 0.065 -0.48 186  0.098 0.43 17.7 0.67
[+400]3 40 -132 0.095 -0.50 144 0.109 0.41 114 0.62
[+45% 38 -138 0.089  -0.65 107 0.109 0.40 9.79 0.57
[+50% 39 -138 0.085 -0.78 65  0.092 0.38 8.62 051
[t60% 40 -141 0.081  -0.94 37 0.074 0.25 7.65 0.35
[+70% 40 -136 - 27 0.076 0.19 7.24 021
[+80% 38 -153 - 26 0.087 0.17 7.16 OTO
[+90% 38 -123 0.062 -1.07 26 0.081 0.19 7.24 009
All R = 10 test coupons were 25 mm wide anc had a 13 mm gage length.
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than mechanical fatigue failures. Other available data are limited to only +45° angles [65,
66], again with most of the data being potential thermal failures. Reference [6] reported R
. =0.1 tension fatigue tests on +45° laminates at 6 Hz. A few high stress cycled coupons in
this reference were probably thermal influenced, but the rest of the lower stressed data
appear consistent with the database trends. The European FACT Database has a few -
dozen fatigue data points for £10°, +30° and £45° at various R values [59] and different
matrix materials, but not enough data are available to reach any general conclusions about

trends.

Testing Methods

The testing of composites with off-axis plies involves two associated problems
with the composite coupon geometry: the width and gage length. The coupon width part
of the problem involves interlaminar stresses, specifically Ty, for [+6./—6] ply laminates |
under uniaxial tension at the free edges, which can initiate cracks and delaminations that
will propagate inward, towards the coupon center, until the coupon fails. Literature [67 to
75] indicates that the high interlaminar stresses (T, Txy, 0zz) could be treated as an edge
effect and that the magnitude of these stresses reduces to laminate theory predicted values
within one to two composite thicknesses away from the edges. Reference 76 reported that
the failure 'of laminates with ply orientations less than approximately 35° to 40° is
initiated at the free edges as a result of high interlaminar shear strains, but the failure of
laminates with angles greater than approximately 40° were not sensitive to test coupon

edge effects. A good discussion of edge effect stresses can be found in reference 75. The
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effect of test coupon width was not studied and the width was kept constant, 25 mm, for
all the static and fatigue tests.

Testing problems associated with the coupon gage length deal with restricting the
fibers from rotating as the laminate is stressed. If the gage length is too short, the fibers
will be continuously clamped at both ends of the coupon, which increases the internal
stresses in the composite [69, 77, 78] and decreases the apparent strength and fatigue life.
This was shown iﬁ the initial series of £10° test coupons in the database which had a 100
mm gage length (fibers at both ends were clamped) that averaged 5,500 fatigue cycles at a
maximum stress of 172 MPa and R = 0.1. When the gage length was increased to 160
mm, which prevented fibers from being clamped at both ends, the average number of
cycles to failure increased to 185,000 cycles at the same stress level and R value. A listing
of the gage lengths used in this study is shown in Table 6.3. The compression tests, in
order to prevent buckling, required a short gage length which prevented the fiber ends
from being free for all angles except the +70°, +80°and 90°coupons. In this study, all
compression tests used the same 25 mm wide test coupon with a gage length of 13 mm.

These results may not be representative of larger test coupons or structures.

Table 6.3. Tension and compression test coupon gage lengths.

Angle - Tensile gage length, mm | Compressive gage length, mm
+10° 1160 and 100
13 mm
+20° to 90° - 100
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Results and Discussion

The tensile stress-strain diagrams are shown in Figures 6.1 through 6.3 for the
angle ply laminates. For the tensile strain values listed in these figures, a clip-on
extensometer was used during the tests. Figure 6.1 shows the tensile behavior of the
+10°, #20°, £30°, and +33° laminates. The +10° and #20° laminates show linear
behavior to failure (brittle behavior)? failing when the first matrix crack appears. The
+30° laminates start to show some non-linear behavior as the specimen remains intact
with matrix cracks in all plies until sufficient delamination occurs to cause complete
separation. The i33 ° laminate was tested to better define the angular region where the
more nonlinear material behavior begins. Figure 6.2 shows the tensile stress strain
behavior of the +40°, +45°, and +50° laminates. All three of these laminates showed
extensive non-linear behavior as lamina crackirig and delaminations formed and grew
until coupon failure. It should be noted that the neat polyester matrix had a tensile strain
to failure of only 2%. Reference 62 deterfnined that the onset of damage in the +45°
laminates was due to lamina cracking and not interlaminar shear, as was the case found
with the +10°to +30° laminates. The +45° laminate, after onset of cracking, continues to
sustain load and continued to form cracks all over the coupon until interlaminar crack
growth started and continued until the final coupon failure.

Figure 6.3 details the stress-strain behavior of the +60°, +70°, +80°, and 90°
laminates, which showed little non-linear behavior and all had a strain to failure of less
than 0.6%, which was much less than the failure strain of the neat polyester matrix. This

weak behavior is associated with stress concentrations around the fibers, and voids, which




153

L+20
5 200

c 100
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Figure 6.1. Tensile stress - strain curves for balanced £10°, £20°, £30°,
and £33° angle ply laminates (13155 fabric, V= 0.39).

ro 120

Tensile strain, %

Figure 6.2. Tensile stress - strain curves for balanced +40°, £45°, and
+50° angle ply laminates (D155 fabric, V£= 0.39).
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Figure 6.3. Tensile stress - strain curves for balanced £60°, £70°, £80°
and 90° angle ply laminates (D155 fabric, V¥= 0.39).

lower the transverse composite strength and strain to failure relative to the neat resin [79].

Figure 6.4 summarizes the average tensile static failure strain versus laminate ply
angle. The strain to failure peaked with the £45° laminate which could be classified as
having a ductile material behavior, while the other laminates outside of the +35° to £50°
range resemble brittle materials. Except for the overall magnitude of strain to failure, this
figure is consistent with the one generated by Reference 62.

Compression stress-strain diagrams were generated for these laminates using an
18 mm gage length with bonded back-to-back strain gages (BLH FAE-25-35-S13EL-G)
which had a 6.35 mm strain grid gage length. The longer coupon gage length was
necessary to allow for the placement of the strain gages far enough away from the

influence of the gripped coupon ends. The angle ply test coupon widths averaged 25.37
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mm (S.D.=0.21 mm) and the thickness averaged 3.08 mm (S.D.= 0.08 mm) for all of the
coupons shown in the compression stress-strain diagrams. The stress-strain diagrams are
truncated where the strain gages bifurcated, which was immediately followed by coupon

failure.

Balanced ply angle, degrees

Figure 6.4. Ultimate tensile failure strain versus balanced ply angle.

The compression stress strain diagrams for £10°, £20°, £30°, and £40° are
shown in Figure 6.5. As was the case in the tensile curves, the compressive £10° and
+20° coupons show little non-linear behavior, and the £30° and £40° curves show an
increasing amount of non-linear behavior. Since both strain gages are indicating the same
strain, it must be inferred that the coupon, under the axial compressive stress, is barreling

outward, rather than buckling to produce the nonlinear stress-strain behavior shown. This
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same behavior is seen in Figure 6.6 with the £50°, £60°, £70°, £80°, and 90° laminates.
The strain to failure and amount of non-linear behavior decreases as the angle is increased
to 90°, as the mode of failure changes from barrelling to through-thickness shearing. The
average calculated compressive strength versus ply angle is listed in Table 6.2 and the
ultimate strain is shown in Figure 6.7. The minimum failure strain occurs at

approximately +30° while the maximum is at 0° and £80°.

% 300

Absolute compressive strain, %

Figure 6.5. Compressive stress - strain curves for balanced £10°, +20°, +30°
and +£40° angle ply laminates (13155 fabric, V= 0.39, 25 mm test coupon width
with a 18 mm gage length and unsupported edges).
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Figure 6.6. Compressive stress - strain curves for balanced £50°, £60°,
+70° and 90° angle ply laminates (D155 fabric, V£=0.39, 25 mm test
coupon width with a 18 mm gage length and unsupported faces).
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Figure 6.7. Calculated average ultimate compressive failure strain versus
ply angle.
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Laminate Analysis Predicted Propepties

From the generated stress-strain diagrams, the load-direction modulus (Ey) was
calculated and is shown in Figure 6.8 along with the laminate theory predicted values.
These laminate theory calculations, as well as subsequent laminate analysis, used the
property values listed in Table 6.4, which were taken from the database [2] and adjusted
for fiber volume cbntent, 0.39 versus the listed 0.45 using the formulae listed in the
database. At least one coupon from each angle lay-up was tested with a 0°/90° strain
gage to measure the major Poisson’s ratio (vxy) which is shown with the predicted values
in Figure 6.9. The predicted Poisson’s ratios fall a little lower than of the measured -
values, which was the same result found‘in reference 22. (Reference 80 stated that the
predicted value of the major Poisson’s ratio is critically dependant on the value of the
shear modulus used in the calc;llations and was probably the source of the variability
seen.) Since only one test céupon per angle was tested, the variability of this parameter is
unknown. The equations used a predicted shear modulus calculated from measured values
using simulated shea:f tests (ASTM D3518) and Iosipescu V-notched shear coupons
(ASTM D5379) reported in the database, and the variability of the measured value is
probably the source of the over-prediction.

The calculated value of the shear modulus (Gyy) versus the ply angle is shown in
Figure 6.10 for the angle ply laminates. As expected, the maximum shear modulus occurs
at +45°. Figure 6.11 shows the laminate analysis of the longitudinal stress (0yy), the
transverse stress (Oyy) and the in-plane shear stress (tyy) versus ply angle. All these

stresses have been normalized with respect to the average tensile stress (0y) in the
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Exx Laminate theory

Database values

Balanced ply angle, degrees

Figure 6.8. Longitudinal elastic modulus versus laminate theory
predicted values (13155 fabric, V= 0.39).

Table 6.4. Ply properties used in the laminate theory analysis (static) and values used for
million cycle fatigue predictions adjusted to a fiber volume fraction of 0.39.

Property Static values _IOchcIe
fatigue values
Longitudinal Modulus, (E1]) 31.5 GPa 31.5 GPa
Transverse Modulus, (E2) 7.42 GPa 7.42 GPa
Shear Modulus, (GB) 3.53 GPa 3.53 GPa
Major Poisson’s Ratio, (UD 0.317 0.317
Ultimate Longitudinal Tensile Strain, (ULTS1) 2.71% 1.12%
Ultimate Transverse Tensile Strain, (UTTS2) 0.37% 0.19%
Ultimate Tensile Shear Strain, (UTSS1D) 2.38% 0.91%
Ultimate Longitudinal Compressive Strain, (ULCS1) -2.07 % -1.10%
Ultimate Transverse Compressive Strain, (UTCS2) -1.67 % -1.07%
Ultimate Compressive Shear Strain, (UCSS1) -2.38% -0.91 %
3

oS
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uxy Laminate theory
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Figure 6.9. Major Poisson’s ratio versus laminate theory predicted values
(D155 fabric, V= 0.39).

Gxy Laminate theory.

Balanced ply angle, degrees

Figure 6.10. Calculated shear modulus versus balanced ply angle (D155
fabric, V£=0.39).
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Figure 6.11 In - plane laminate stresses versus balanced ply angle
(x[6]3laminate with D 155 fabric, V£= 0.39).

X-direction. Interesting observations of these stresses include: the maximum longitudinal
stress is equal to 1.21 (ox) at 28°; the transverse stress has a minimum stress of -0.0046
(ox) at 20° and -0.057 (ox) at -25°, which is due to Possion contraction; and the shear
stresses have a maximum and minimum value of £0.539 (ox) at £52°. There is also no
tensile strain perpendicular to the fibers for fiber orientations less than £28°, which is
also the angle at which the longitudinal tensile stress starts to decrease. As expected, the
magnitude of the shear stress is exactly £0.500 (ox) at +45° and is independent of the
material type.

Using laminate analysis to predict the tensile and compressive strength of a
laminate requires accurate strengths in the 0° and 90° directions of the plies. With these
ply strength data to work from, the maximum strain failure criterion, maximum stress
failure criterion or the quadratic failure criterion can be used to predict the strengths of
the angle ply laminates. A more detailed discussion of these commonly used criteria can

be found in Reference 75; the criteria are summarized in Equations 6.1 to 6.3.
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Maximum Stress Failure Criterion
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Maximum Strain Failure Criterion
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oru - Transverse ultimate failure stress

XLW ~ Uhimate shear stress

VLT - Major Poisson’s ratio

Xt - Longitudinal ultimate tensile strength

Xc - Longitudinal ultimate compressive strength
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Yc - Transverse ultimate compressive strength

6.3
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The maximum strain and maximum stress criteria assume that failure occurs
whenever any one component of stress or strain attains a limiting value, independent of
the other stress component values. The mode of failure changes as different maximum
values are exceeded as the ply angle changes. .The major difference between the
maximum stress and maximum strain criteria is the presence of a Poisson term in the
denominator of the maximum strain criterion; however, the numerators are equivalent.
Both the maximum stress and maximum strain criteria lack coupling or interaction effects
between the various stress components. The quadratic criterion (which has gone through
many revisions as the Tsai-Hill, Tsai-Wu, and Interaction criteria) takes into account the
interaction between the stresses to predict failure. Literature tends to suggest that these
criteria have a better correlation with experiinental data. The quadratic failure theory uses
a second order equation which makes no distinction between the positive and negative
laminate strengths, which are usually different in magnitude; and does not distinguish
between failure mode types. All of these criteria predict first ply failure, and do not
consider interlaminar stresses. .

Figure 6.12 shows the predicted tensile strengths for a [ +0 °], laminate. These
results show the extreme sensitivity of strength to any misalignment of fibers when the
plies are oriented close to 0°. The strength correlation for balanced angle laminates less
than +30° is poor (apparently due to delamination failures described later), while for ply
angles greater than £35°, the predicted strengths are in good agreement with experimental
results. All three failure theories are in close agreement with each other, especially for
angles greater than +40°. The compression strength predictions are shown in Figure 6.13.
The failure mode predictions from the maximum strain and maximum stress failure

criteria are shown in Table 6.5. Reference 61 determined that fiber failure only occurred
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Figure 6.12. Ultimate tensile strength versus balanced ply angle with
laminate theory predicted values for first ply failure from the maximum
stress, maximum strain and quadratic failure theories.
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Figure 6.13. Ultimate compressive strength versus balanced ply angle with
laminate theory predicted values for first ply failure from the maximum
stress, maximum strain and quadratic failure theories.
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for fiber angles 0ot2° to the applied stress, whereas the failure criteria predicted fiber

failure at angles up to +9°.

Table 6.5. Failure criterion failure mode predictions for the balanced angle ply laminates
with a fiber volume fraction of 0.39.

Criteria Tension Compression

Maximum Strain  Fiber tensile - 0° to +9° Fiber compression - 0° to 3°
Resin shear - +10°to #43°  Resin shear - +4°to +63°
Resin tensile - £44° to 90°  Resin compression - +64° to 90°

Maximum Stress  Fiber tensile - 0° to £9° Fiber compression - 0° to 11°
Resin shear - +10°to #41°  Resin shear - +12°to +61 °

Resin tensile - +42° to 90°  Resin compression - £62° to 90°

Fatigue Testing

A major difficulty with fatigue testing of polymer composites is the material
hysteric heating which can cause thermal, rather than a mechanical fatigue failure. The
initial (first cycle) hysteresis loop, loaded to a normalized stress of S/So = 0.5 (R =0),
was determined for one of the coupons from each angle ply group, shown in Figure 6.14.
The area contained within this hysteresis loop is the energy that has to be dissipated as
heat per fatigue cycle at the applied stress is shown in Figure 6.15. This figure shows the
same trend as for the ultimate tensile failure strain versus ply angle (Figure 6.4). Due to
the amount of hysteresis present in the £10° to £52° coupons, the fatigue coupon

temperature was aggressively monitored to ensure that a thermal failure did not occur.
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Figure 6.14. First cycle hysteresis loops for balanced angle ply laminates from
+10° to 90°with a maximum stress equal to 50% of the laminates UTS (R=0,

D 155 fabric, V= 0.39).
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Figure 6.15. Hysteresis energy generated on the first cycle for balanced
angle ply laminates from 0° to 90° with a maximum stress equal to 50% of
the laminates UTS ( R=0, D 155 fabric, V£=0.39).

The amount of hysteric energy dissipated decreases from this first-cycle value as the
fatigue test continues. For example, a £10° coupon after 2,500 cycles (n/N ~ 0.001), at a
maximum stress of 139 MPa (S/So = 0.5, R=0.1) had a hysteric energy per cycle of 14
percent of the first cycle value; a £45° coupon after 2,500 cycles (n/N ~ 0.15), at a stress
of 54 MPa (S/So = 0.5, R = Ol) had a hysteric energy per cycle of 23 percent. As the
fatigue test continues, and damage accumulates, the hysteric energy per cycle will start to
increase until coupon failure. This increase occurs during the last five to ten percent of
the fatigue life.

Tensile fatigue tests at R values of 0.1gave the results shown in Figures 6.16

through 6.19. The data are also summarized in Table 6.2. All the materials have a
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relatively linear tensile fatigue behavior when plotted on a semi-log graph. The tensile
fatigue strain for one million cycles versus ply angle is shown in Figure 6.20 along with
the laminate analysis predicted first ply (one cycle) cracking where, at angles greater than
£50°, the first ply static cracking strain is approximately twice the failure strain at one
million cycles. The figure also shows the l‘aminate analysis predicted million cycle first
ply cracking strain which was calculated using the 0°and 90° initial million cycle strain
values for the maximum strains in the laminate analysis. The shear strain values used in
the analysis were adjusted by taking the maximum Iosipescu (ASTM D5379) sﬂear strain
multiplied by a factor of 0.40 (b value reduction of 0.10 x 6 log decades). The values are
summarized in Table 6.4. Figure 6.21 summarizes the tensile fatigue coefficient, b, (R =
0.1) versus the ply angle. As the ply angle is increased, the fatigue data trends tend to
flatten-out and give lower values of b due to the decrease in ultimate tensile strength.
Interlaminar stresses and delamination are probably the cause of the b value increase in
the £20° to +50° range.

Compression fatigue tests were performed at an R value of 10 for the +30°, +40°,
+45°, £50°, £60° and 90° lay-ups, summarized in Figures 6.22 and 6.23. The
compressive fatigue strain for one million cycles versus ply angle is shown in Figure 6.24
along with the laminate analysis predicted static first ply cracking for the angle laminates
tested. The predicted million cycle strains are also shown in the figure and the predicted
values do not accurately follow the database values, probably due to the inability of the
equations to predict delamination and buckling in the test coupons. The compressive

fatigue coefficient, b, (R =10) versus the piy ahgle is shown in Figure 6.25.
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Figure 6.16. Tensile fatigue stress versus cycles to failure data for
balanced +10° to £50°laminates (x[0]3laminates with D155 fabric, V£
=0.39).
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Figure 6.18. Tensile fatigue stress versus cycles to failure data for

balanced £60° to 90 °laminates (£[0]3laminate with D 155 fabric, Vf=
0.39).
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Figure 6.20. One million cycle tensile fatigue failure strain versus balanced
ply angle with laminate analysis predicted (maximum stress criterion) first
ply static cracking strain and predicted million cycle strain. (x[0]3laminate
with D 155 fabric, V£=0.39, R =0.1).
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Figure 6.21. Tensile fatigue coefficient, b, versus balanced ply angle (£[0]3
laminate with D 155 fabric, V= 0.39, R = 0.1).
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ply angle with laminate analysis predicted (maximum stress criterion) first
ply static cracking strain and predicted million cycle fatigue strain (£[0]3
laminate with D 155 fabric, V£=0.39, R= 10).
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Failure modes

Tensile coupon fatigue failures are shown in Figures 6.26 through 6.29 and
compressive fatigue failures in Figures 6.30 and 6.31. In all cases, no fiber failure was
observed, except for 0°. In the absence of fiber failufe, both transverse cracks and
delaminations are necessary for complete fracture to occur at most orientations. Reference
61 did not report any fiber failures for fiber angles outside the range of 0°+2°. Matrix
cracks and delaminations which formed, grew parallel to the fiber direction and involved
the entire ply thickness. The individual failure mode types (as predicted by the maximum
strain and maximum stress failure criteria in Table 4) were not as easily seen, due to
.complex interaction of the cfacks and delaminations.

Failed tensile coupons from #10° to +£30° are shown in Figure 6.26. In all these
coupons, the failure started with edge delamination parallel to the fibers and between the
D155 tows, and no fiber tow failures were found. The edge delamination grew inwards,
between the plies, until failure. As the ply angle was increased, the overall size of the
delaminated area decreased. The +10° and +30° laminates did not show any internal
delamination initiation whereas the +20° did show delamination initiation at each D155
stitch crossover point as shown in Figure 6.27. These cracks initiated at the stitch
crossover point and grew perpendicular to the applied stress and were continuous through
the coupon thickness, involving multiple plies. A few of the +30° test coupons showed a
few dozen of these stitch crossover cracks limited to areas within 10 to 15 mm of the
gripped ends. Figure 6.26 shows three different £30° failed coupons, two of which failed
from multiple edge delaminations and one from a single delamination failure. Reference

61 reported that for angles less than +40° the failure mode was delamination, which was
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also seen in these tests.

Figure 6.28 shows failed-coupons from +40°, +45°and +50°. The delaminations

initiated uniformly all over the gage length at stitch crossover points and at the edges. The

edge delaminations grew inward approximately 3 to 5 mm before joining with the
internally initiated delaminations. Enough damage was generated in these coupons that at
failure (unloaded),‘due to the axial extension, the coupon width had significantly
decreased. This decrease was on the order of 0.4 mm for the +40° coupon, 2 mm for
+45° and 0.5 mm for the £50° coupon. The delamination in the +50° coupon also
generally grew in one ply direction which completely separated the plies from each other
and allowed the three plies in the other orientation to rotate, creating a width offset in the
coupon which can be seen in Figure 6.28.

Failed tensile coupons for the +60°, i70°, +80° and 90° are shown in Figure
6.29. The +60° coupon has a width offset similar to the +50° failures. This offset was not
present in coupons with angles greater than +60°. As the angle was increased, the number
of crack initiation sites was reduced, to the extent that at 90°, the first major crack

generally grew parallel to the fibers causing final coupon failure.
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Figure 6.26. Failed tensile fatigue coupons from £10° to £30°
laminates showing delamination and cracking of plies with edge
effects (x[0]3laminate with D 155 fabric, V= 0.39).
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Figure 6.27. Failed tensile fatigue coupon 20D155112,
tested at a maximum tensile stress of 172 MPa, R = 0.1,
showing crack initiation around the D 155 stitching thread-
glass tows cross-over points.
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Figure 6.28. Failed tensile fatigue coupons from +40° to
+45° laminates showing delamination and cracking of plies
(x[6]3laminate with D 155 fabric, V= 0.39).
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Figure 6.29. Failed tensile fatigue coupons from £60° to 90° laminates
showing cracking of plies (x[0]3laminate with D 155 fabric, V£= 0.39).
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The compressive failures for the +30°and +40° laminates are shown in Figure
6.30. The +30° coupons showed multiple failure modes involving combinations of both
shear and material compression. The size of the damage at failure was not limited to the
13 mm gage length in coupons with these ply orientations, which show major shearing in
the fiber direction between the D155 tows, producing very clean failure surfaces. In
compression fatigue testing, once a delamination formed and grew to a critical size, the
coupon catastrophically failed due to buckling. Any instability or nonuniformity in
coupon loading was enough to initiate buckling. This, combined with a small gage length,
made pre-failure damage observation difficult.

Figure 6.31 shows the compressive fatigue failures for £50°, +60°, +70° and 90°
coupons. The size of the failure zone was smaller compared with other angles. The +70°
~and 90° coupons show a different type of failure than the other angles, shear failure
through the coupon thickness with very little compressive damage or other cracks.
Extensive fiber bridging was present in these coupons, which indicates that the shear
cracks initiated and grew in the D155 bundles and not between them.

The single cycle (static) tensile coupons are shown in Figures 6.32, 6.33 and 6.34.
These tests produced similar failure modes to the fatigued coupons, including the brittle-
ductile-brittle transition with 8. The only major difference between the static and fatigued
coupons waé that no local delaminations were observed around the stitch cross-over
points in the +20° static test coupons, which was observed in the tensile fatigued
coupons. The static compressive test coupons are not shown because the static test,
combined with a short gage length, crushed the test coupons eliminating any interesting

failure features.
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Figure 6.30. Failed compressive fatigue coupons from £30°
to £40° laminates showing cracking and shearing of plies
(x[0]3laminate with D 155 fabric, V= 0.39).
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Figure 6.31. Failed compressive fatigue coupons from £50°
to 90° laminates showing cracking and shearing of plies
(x[0]3laminate with D 155 fabric, V= 0.39).
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Figure 6.32. Static tensile failure of £10°, +20° and
+30° coupons showing lamina cracks parallel to the
fiber direction.
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Figure 6.33. Static tensile failure of £40°, £45°
and £50° coupons showing lamina cracks
parallel to the fiber direction and delaminations
causing matrix yielding and fiber movement.

Figure 6.34. Static tensile failure of +60°, £70°,
+80°and 90° coupons showing lamina cracks
parallel to the fiber direction.
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Conclusions for Balanced Ply Laminates

Theoretical predictions using standard accepted laminate analysis techniques
agree well for modulus values and for tensile laminate strengths with angles greafer than
+40°, but grossly over predict the tensile strength for smaller angles. The over-prediction
at low angles is probably due to the interlaminar stresses at the test coupon edges
initiating delaminations and premature failure. The compressive strength also agreed well
with theory for orientations from +45° to 90°, over which the compressive strength did
not show any angular sensitivity. The maximum stress criterion provided a predicted
value closer to the measured strength for all angles.

The fétigue results are summarizea in Table 6.2. The commonly observed
deviation of the fiber angles in +45° fabrics does not have a significant effect in the +40°
to +50° range for tensiqn, with regards to the maximum strain which can be withstood for
one million cycles. Both the tensile strength and major Poisson’s ratio do significantly
change with the angle orientation around +45°. The calculated compressive strain for one
million cycles aoes show a significant difference (ﬁp to 0.15 percent strain) with ply
orientations in the £40° to £50° range, but with the compressive test geometry (both fiber
ends clamped), it was difficult to determine if this was a testing effect or a true material

effect.
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CHAPTER 7

-BEAMS

The objective of this study was to apply materials from the database in a typical

structural geometry, to validate use of the database in structural design. This intermediate-

size structure would also serve as a test bed for exploring improved manufacturing

methods and structural design details. Most of this chapter has been published in

Reference 2.

The I-beam test specimen was developed as a representative substructural element

typical of wind turbine blades [2]. The I-beam test specimen was intended to fulfill the

following requirements: .

Allow convenient laboratory testing at maximum forces below 100 kN at-
frequencies of at least 5 Hz (cycles/second), so that tests could be
conducted out to about 10° cycles in a few days.

Allow the inclusion of significant structural details such as ply drops for
thickness tapering and adhesive bonding, and flaws such as holes, matrix-
rich areas, and fiber misorientation.

Provide a gage section where the stress conditions are representative of
blade stresses (primarily bending stresses).

Be de.signed to produce failure in the gage section to allow meaningful
comparison with the behavior of the materials in coupon tests.
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° Be convenient to analyze by finite-element analysis (FEA), and to
instrument in tests.

° Allow the incorporation of either MSU manufactured or industry-supplied

materials, particularly in the flanges.

The I-beam configuration was developed and analyzed by Combs [13, 81]. Combs
performed an iterative design and analysis process with beams 1 through 5, to develop a
beam configuration which fulfilled these objectives. The final beam geometry is shown in
Figure 7.1 and the construction techniques are detailed in Chapter 3. For the present
study, there were two major desigﬁ changes from the configuration developed by Combs.
The thickness of the web was increased to 5 mm to reduce the possibility of web failures
prior to flange failure. For beams numbered 30 and greater, the web was molded by RTM
as a single piece, rather than back-to-back bonding of C-channels; this single-piece
molding improved dimensional repeatability without the need for s‘anding the surfaces flat

prior to secondary bonding.

Experimental Investigation Of Beam Static and Fatigue Behavior

This section explores the correlation between the coupon fatigue database and
material performance in a series of beam striicture tests. Static and fatigue tests were
performed using several load ranges, with several material variations differing in static
and fatigue properties in the ﬁanges and webs. The beams were strain-gaged in each case
in order to compare strain—iifetime relationships between the coupon database and the
beams. Strains given are from the first few cycles, after which the strain gages failed

because of matrix cracks. Appendix B gives detailed results for each beam test.
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Figure 7.1 Sketch and photograph of composite I-beam.
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The general objective of the beam tests in this section was to compare beam '
performance with the performance of the flange and'web materials in coupon tests,
thereby validating use of the coupon database for predicting the static and fatigue
performance of structures. The beam materials were divided between triax-based
laminates, with relatively poor tensile fatigue performance, and laminates with separate

0° and +45° layers, with relatively good fatigue performance.

Material and Beam Description

Tables 7.1 to 7.6 give a detailed sﬁmmary of the materials, conditions, and results
bf each test. Further details for each test can be found in Appendix B. Beaﬁs 6-14, 22,
and 23 used CDB200 triax-based flanges, designated as material AA in Table 7.1 and in
the database. In this series, flanges were 2.9 mm thick and 53 mm wide. The web used in |
all of the AA-flanged beamé was designated as material CH10 in the database. Material
CH10 is 5 mm thick with all +45° layers of DB240 fabric. We dgfine the materials in
more detail in the footnotes for Tables 16-20. This series of tests were performed to
determine whether the behavior of beams with AA material flanges (with poor tensile
fatigue performance) was consistent with coupon behavior. Material AA has been used in
wind turbine blade fabrication, but performs poorly in tensile fatigue because of heavy
stitching of the +45° layers to the 0° layers [2]. (Materials that perform poorly in fatigue
are easier to test in a substructure because they require less strain and load transfer to
produce the desired central-gage-section failures.) Beams 15, 16, and 17 were further
weakened with intentional severe flaws: 13 mm-diameter tﬁrough—thickness holes in the

flanges.
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Table 7.1. Static and fatigue data for beams with material AA flanges and material CHIO

webs.

Beam

6

10

14
15*
16*
17*
22
23

Materials
flange / web

AA/CHIO
AA [/ CHIO

AA/CHIO

AA2/CH10
AA2/CH10

AA [/ CHIO

AA/CHIO
AA [ CHIO
AA/CHIO
AA/CHIO
AA/CHIO
AA /[ CHIO
AA/ CHIO
AA/CHIO

Max. / Min.

load, RN
67.08
245/25

31.1/3.1

59.2
40.0/4.0

40.0/4.0

28.9/29
60.72
24.5/2.5
31.1/3.1
24.5/2.5
46.97
31.1/3.1
28.9/2.9

Max. / Min.
strain, %

1.80/-1.68
0.58/-0.56

0.79/-0.7

1.78/-1.8
1.07/-0.97

1.08/0.96

0.73/-0.68
2.10/-1.85
0.59/-0.58
0.83/-0.78
0.58/-0.53
13/-1.08
0.84/-0.76
0.71 /-0.64

Cycles

I
492,147

29,051

I
1,870

4,620

30,290
I
389,175
2,772
40,448
I
36,825
119,995

Failure location

Compression flange
Tension flange

Tension flange and
web

Compression flange
Tension flange

Tension flange and
web

Tension flange
Compression flange
Tension flange
Compression flange
Tension flange
Compression flange
Tension flange

Tension flange

*Bearns 15, 16 and 17 had 13 mm diameter holes in the flanges.

Table 7.2 lists a summary of the tests with beams 18-21 and 24-29. These beams

used DD5P material in the flanges, which is a model structural material with about 72%

of the fibers in the 0°- direction (x-direction in Figure 1); the remainder of the material is

+45° as described in the database. With a low fiber volume content of 0.36, material

DD5P had a much better tensile fatigue resistance than that of material AA, and is close
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Table 7.2. Static and fatigue data for beams with material DD5P flanges and material

CHIO webs.
Materials
Beam flange / web
18 DD5P/CH10
19 DD5P/CH10
20 DDS5P/CH10
21 DDS5P/CHI10
24 DD5P/CH10
25 DD5P/CH10
26 DD5P/CH10
27 DDS5P/CH10
28 DDS5P/CH10
29 DDS5P/CH10

Table 7.3. Fatigue data for beams with

Beam

30

31

32

3

Materials
flange / web

DD5P/ CH3

DD5P/ CH3

DD5P/ CH3

DD5P/ CH3

Max. / Min.
load, RN

62.3/6.2
89.18
53.4/5.3

53.4/5.3
88.29
62.3/6.2

57.8/5.8

53.4/5.3

445144

48.9/4.9

Max. / Min.
load, RN

62.3/6.2

53.4/5.3

53.4/5.3

53.4/53

Max. / Min.
strain, %

1.42/-1.34
1.96/-1.82
1.09/-1.09

1.14/0.99
1.93/-1.77
143/-1.31

1.22/-1.05

1.07/-1.00

0.86/-0.85

0.92/-0.96

Cycles Failure Notes
9,367 Ten3|or_1 fla_mge
delamination
I Compression flange
94,391 Ten5|or_1 fla_mge
delamination
23,000 Tension flange
I Compression flange
7,636 Compression flange
104,407 Compress_lon _flange
delamination
243,876 TenS|or_1 flgnge
delamination
2,000,000 Tensmn fla_mge
delamination
815 684 Tension flange

delamination

material DD5P flanges and material CH3 webs.

Max. / Min.
strain, %

120/ -1.05

0.92/-0.89

0.86/-0.73

0.94/-0.93

Cycles Failure Notes
5,741 Web
2,030,240 Ten5|or_1 fla_mge
delamination
783153  L-oad pad, flanges
still good
3,200,000 Web / tension flange

delamination
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Table 7.4. Static and fatigue data for beams with material DD5P flanges and material
CH12 webs.

Materials Max. / Min  Max. / Min.

Beam Flange / Web  Load, kN Strain, % Cycles Failure Notes
34 DD5P/CH12 8326  1.92/-1.69 | Compression Flange
and Web
35 DDSP/CH12 62.3/6.2 1.04/-1.02 9771 Web failure

Table 7.5. Fatigue data for beams with material DD5P flanges and material DD5P webs.

Materials  Max. / Min.  Max. / Min. cvel Fail .
flange / web  load, kN strain, % ycles atlure notes

51 DDS5/DD5 53.4/53 0.76/-0.75 3,000,000 Run out
52 DD5/DD5 623/6.2 0.93/-0.89 62,843 Compression flange

Beam

53 DD5/DD5 623/62 094/-089  g7o0  ‘Veb/shearsiiffener

5 DD5/DD5 623/62 088/-088 2744704 Vo0 Shearstiffener

Table 7.6. Fatigue data for beams with material DD22 flanges with a balsa wood core,
and material CH12 webs.

Materials Max. / Min. Max. / Min.

Beam flange / web  load, kN strain, % Cycles Failure notes
DD27 Balsa .
58 /CH12 62.3/6.2 0.97/1.00 230 Compression flange
- DD27 Balsa 35.6/3.6  0.58/-0.59 1,000,000 Run out

/ CH12 44.5/4.4  0.75/-0.75 88,993  Compression flange

to the best obtainable with fiberglass materials [2]. Figure 7.2 compares the coupon test
results of tensile fatigue behavior of materials AA and DD5P; Figure 7.3 compares their

behavior in compressive fatigue.
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The straight lines in these and succeeding figures represent a linear trend on the

semi-log plots, following equation 4.2. The implications of a particular assumed trend

line (linear on log-log versus linear on semi-log) were discussed in Chapter 5. As noted in

Chapter 3, tfle fatigue coefficient, b, for poor tensile fatigue performance is about 0.14,
whereas the best performance is about 0.10.

For the final beam tests in this group (see Tables 7.3 to 7.6) various improved web
materials were used (CH3, CH12, and DD5P) to increase the strain capacity in tensile
fatigue of the web flange on the tensile side. These web materials include increasing
amounts of 0° material. Figure 7.4 compares the tensile fatigue resistance of coupons of
the four web materials, CH10, CH3, CH12, and DD515; these results are discussed in

detail in Reference 2.

Studies of Beams with Triax Material Flanges

As previously noted, triax fabric reinforcement produces relatively poor tensile
fatigue performance. Figure 7.5 combines the material AA data from Figures 7.2 and
7.3, comparing the tensile and compressive fatigue S-N data. The static tensile strength
exceeds the compressive strength, and the stress to produce failure is higher in tension at
low cycles. At about a thousand cycles the curves cross, and failure occurs at lower
stresses in tension for cycles greater than 1000. Thus, with equal magnitude stresses and
strains in both flanges, failure is expected in the beams in compression at low cycles, and
tension at high cycles. The 10° cycle tensile fatigue strain to failure of the CH10 material

used for the web is similar to that for material AA (0.46% for CH10, 0.50% for AA [8]).
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o 400

Cycles to Failure

m  Material AA v Material DD5P
Figure 7.2. Fatigue data for materials AA and DD5P, R = 0.1.

Cycles to Failure
m  Material AA v Material DD5P

Figure 7.3. Fatigue data for materials AA and DD5P, R = 10.
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Cycles to Failure
Material CH10 v  Material CH3 o Material CH12 a Material DD5P

Figure 7.4. Fatigue data for materials CH3, CH10, CF!12 and DD5P, R = 0.1.

Thus, failure is expected at about the same time in the tension flange and in the web
flange on the tensile side, which see about the same strain levels (because they are bonded
together). Appendix B gives details of the materials in the cross section at the beginning

of the section on beams with AA material flanges.

Behavior of Beams

Figure 7.6 compares the failure strain conditions for the AA flange beams with the
strain-cycles data for the material AA coupons. (The solid square and triangle symbols
are the measured initial strains on the tension and compression flanges, respectively; the
symbol shown indicates which flange actually failed.) The static beam tests (6, 9, and 13)

resulted in compressive flange failures with damage in the web as well (Figure 7.6). The
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measured static compressive flange strains at failure cover the range observed for the
compressive coupon tests (Figure 7.6, one cycle). Figure 7.7 compares the web material
CHI0 coupon results with the beam data; the CH10 tensile fatigue strains are, again,
similar to the beam failure strains. In order to compare coupon data with web flange
strains in the beams, the beam strains are adjusted downward to 0.82 of the measured
flange outside surface strains to give the strain at the outside of the web flange (assuming
a linear strain variation across the beam depth).

Fatigue tests with beams having the AA material flanges (without holes) for
beams 7, 8, 9, 10, 11, 12, and 14. All showed failure on the tension flange. The results in
Figure 7.6 show close agreement with the failure strains and cycles for tensile coupons of
the’same material, tested at R = 0.1 (the same R value as the beam tensile flange). The
predicted shift from compressive failure at low cycles to tensilé failure at high cycles is
observed in the beam results only in the static compression failures compared with tensile
fatigue failures; no lifetimes could be produced in fatigue between 1 and 1,000 cycles
because of difficulties in controlling tests in the low cycle range. Photographs of failure
details are given in the Appendix for most beams, and Figures 7.8 through 7.11 give
combined photographs of all flanges in this series és well as several detailed photographs.

The overall results provided in Figures 7.6 and 7.7 validate use of the fatigue
coupon database to predict beam structural-element lifetime for tension-dominated
failures. References 13 and 81 results showed that the beam strains are accurately
predicted by'appropriate finite-element analysis, with a reasonable approximation by

simple beam theory. Thus, when analyzed appropriately, the results given here confirm
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% 100

Cycles to Failure
] R =0.1 v R=10

Figure 7.5. Fatigue data for material AA, R=0.1 and 10.
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1EO 1F1 | E2 1E3 | E4 1E5 1E6 1E7 |ES
Cycles to Failure

O Material AA Tension CouponsIR=O.1 v Material AA Compression Coupons,R=10

m  Beam Tension Flange Failure v Beam Compression Flange Failure
Figure 7.6. Beams 6 - 14, 22 and 23 with material AA flanges and material
CHIO web compared with material AA coupon fatigue data.
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Figure 7.7. Beams 6 - 14, 22 and 23 with material AA flanges and material
CH10 web. Compensated for flange thickness compared with material
CHIO coupon fatigue data.

that these materials, when fabricated into a structural element similar to a blade, provide
the static strength, tensile fatigue lifetime, and failure mode anticipated from simple
coupon data. The size, flexural loading, and bonding to the web element do not
compromise or complicate the material performance.

These results are for a triax material, which, although representative of blade
materials, has poor fatigue resistance. This results in relatively low load transfer and low
web loading, which produces flange failures. However, the stress and strain conditions
producing beam failure, although lower than in subsequent beams, are more severe than

expected in blade service loadings.



197

Tension flanges

Compression flanges

Figure 7.8. Tensile and compressive flanges of failed beams with
material AA flanges and material CHIO webs.
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Figure 7.9. Beam 13 static compression flange failure.

Figure 7.10. Beam 8 tension flange failure.
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Tension flange - top view

50 mm

Figure 7.11 Beam 14 tension flange fatigue failure.

Studies of Beams with Improved Flange and Web Materials
This section describes the development of improved materials for the flanges and
webs and their application to beams. Flange materials which can withstand more severe
fatigue loading tend to produce failure in other modes than flange fracture, such as
adhesive failure or web failure adjacent to the flange. Because the flange and web are
bonded together, the strains in each are nearly identical at the bonded plane. Thus, the
web must withstand the same tensile and compressive fatigue cycling in these areas as do

the flanges, while also carrying the shear loads.
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Material Development and Coupon Results

It was reported in chapter 5 that the tensile fatigue resistance of triax materials,_
such as material AA, was very deficient as compared with laminates having separate 0°
and +45° layers [1, 2]. Structural laminates with about 70% 0° material with separate
layers were found to behave well in tensile fatigue only at overall fiber volume ;:ontents
below about 0.42 for laminates containing a high percentage of 0° layers relative to +45°
layers. A complete parametric study of potential structural flange materials is reported in
chapter 5, Reference 4 and the database (Appendix A).

For this study, we investigated a similar range of parameters for web materials.
The results of the coupon study show that a potential web material must have a relatively
high percentage of 0° layérs and low overall fiber content to approach the strain
capabilities (represented by the 10° cycle maximum strain) in tensile fatigue of the
structural flange (DD5P) materials. This tends to stiffen the beams significantly, resulting

in higher loads and more load-transfer problems to achieve the same flange strains.

Beam Test Results

Table 7.2 describes a series of beams (numbers 18-21 and 24-29) prepared with
web material CH10 (all #45°) and flange material DD5P (72% 0°, 0.36 overall fiber
volume content). This flange has excellent fatigue resistance in tension (see Figure 7.2),
whereas CH10 is a typical £45° web material. The flange material coupon results [2]
~ show tension and compression strains for 10° cycles of 1.15% and 1.30%, respectively,

whereas the values for CH10 are 0.58% in tension and 0.64% in compression. The AA
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material 10 cycle strains are 0.50% in tension and 0.95% in compression.

Figures 7.12 and 7.13 compare the beam data with flange material and web
material coupon data, respectively. All of the failures were predominantly in the web,
with some flange interaction. The results in Figure 7.13 show that the web 'ﬂanges should
have already cracked heavily prior to flange failure, and this appeared to be the case
(Figure 7.14). Thus, most of these failures were induced in the web flange area, and agree
generally with the web coupon data in Figure 7.13. Significant flange-web delamination
near the ends of the shear stiffeners was also observed, as shown in Figure 7.15.

The results with web material CH10 were disappointing, in that failures
predominantly generated from the web flange area. We decided to test several web
materials with strain capability that more nearly approximated the flange material
(DD5P), using the flange material itself in the web. Figure 7.4 compares the tensile
strains of the four web materials tested in tensile fatigue. Higher 0° material content gives
higher tensile fatigue strain capability if the overall fiber content is similar.

Tables 7.3, 7.4 and 7.5, list the results for beams with DD5P flanges and CH3,
CH12, and DD5P webs. Figures 7.16 and 7.17 give the DD5P flange/CH3 web results for
beams 30-33 compared with flange and web coupon data respectively. All of the beams in
this group showed a variety of delamination and web damage. The beam data in Figures
7.16 and 7.17 agree generally with the flange and web coupon data, but failure modes
were not simple to interpret.

Beams 34 and 35 included DD5P rﬁaterial flanges and CH12 web material (see

Table 7.4 and Figures 7.18 and 7.19). As indicated in Table 7.4, these beams produced
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Cycles to Failure
O Material DD5P Tension CouponsR=0.1 v  Material DD5P Compression Coupons,R=10
m  Beam Tension Flange/Web Failure v Beam Compression Flange/Web Failure

Figure 7.12. Beams 18-21 and 24 - 29 with material DD5P flanges and
material CHIO web compared with material DD5P coupon fatigue data.
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Figure 7.13. Beams 18-21 and 24 - 29 with material DD5P flanges and

material CHIO web compensated for flange thickness compared with material
CHIO coupon fatigue data.
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Cracking in the 45 plies
,Vertical tensile cracks

mTension flange
Adhesive layer

C-channel web

AAdhesive layer
-Wan& . ™ Compression flange

Beam 10, (x = 160 to 220 mm)

Figure 7.14. Photograph of web from Beam 10 showing extensive cracking of the web
near tension flange.

Delamination

Figure 7.15. Tension flanges of failed beams with material
DD5P flanges and material CH3 webs, showing delaminated areas.
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delamination failures in the load transfer area of the load pads. The fatigue failure (beam
35) was at a strain well below either set of coupon data, as expected from the load-
transfer problems.

Beams with material DD5P in the flanges and web are shown in Table 7.5 and
Figure 7.20. The lower cycle results (beams 52 and 53) showed failure in the shear
stiffener area (beam 53), which was then increased in thickness, and resulted in beam 52
showing compression flange buckling. Beams 51 and 54 reached close to the coupon
data: we stopped the tests with only minor gage section damage; beam 54 eventually
failed in the shear stiffener area. Figure 7.21 shows the tension and compression flanges

of beams 51 to 54.

3.0
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5 2.0

Q1.0

5 05
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1EO 1E3 1E4 1ES 1E6 1ES
Cycles to Failure

O Material DD5P Tension Coupons,R=0.1 v  Material DD5P Compression Coupons,R=10
m  Beam Tension Flange/Web Failure v Beam Compression Flange/Web Failure

Figure 7.16. Beams 30 - 33 with material DD5P flanges and material CH3 web
compared with DD5P coupon fatigue data.
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Figure 7.17. Beams 30 - 33 with material DD5P flanges and material CH3 web
compensated for flange thickness compared with CH3 coupon fatigue data.
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Figure 7.18. Beams 34 and 35 with material DD5P flanges and material CFI12
web compared with material DD5P coupon fatigue data.
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Figure 7.19. Beams 34 and 35 with material DD5P flanges and material CH12
web compensated for flange thickness compared with material CH 12 coupon
fatigue data.
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Figure 7.20. Beams 51-54 with material DD5P flanges and web
compared with material DD5P coupon fatigue data.
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Tension flanges

Compression flanges

Figure 7.21. Tension and compression flanges of failed
beams with material DD5P flanges and webs. Lines
indicate delaminated areas.

Conclusions for Beams With Improved Flange and Web Materials

Results for the beams with DD5P material flanges are not as conclusive as those
for the AA material flanges. Because these DD5P flanges can withstand strains about
twice as great as material AA at 106¢cycles, and because many of the webs were increased
in stiffness over a simple +45° laminate such as CH10, the load-transfer requirements
were increased significantly. Thus, greater demands were put on the web in the web
flange area, where the strains were the same as in the flanges. Results for Figures 7.12
and 7.13, for the material DD5P flanges and CHIO (£45°) web, show that the beams
survive to a lifetime in the same range as the flange material coupons, exceeding the

lifetime of the web material coupons. In most cases, the web material was heavily cracked
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prior to failure (Figure 7.14), leading to tensile flange delamination. The finite element
stress predictions for the shear stress in this adhesive region are shown in Figures 7.22 to
7.24. These involve a 4-point loading of 17.8 kN [81] and accurately predict the stress
concentration location where the tensile flange delamination starts. Figure 7.25 shows a
normalized Von Mises stress distribution along the centerline of the tension flange in the
adhesive layer. These figures show that there is a stress concentration starting at the
location where the shear stiffener tapers from the inner surface of fhe C-channel. Figure
7.26 shows a section of beam 28, at the start of the tensile flange delamination, showing
multiple matrix cracks. Similar agreement between beams and coupons is shown in
Figure 7.16 and 7.17, with a web (CH3) containing 24% 0° material. Higher 0° material
contents in web materials CH12 and DD5P led to more load-transfer problems; however
the beam data do approach the coupon results at lowe_r loaas and higher cycles (see Figure
7.20). The load-transfer problems are related to the particular beam design used here,
although the web failure adjacent to the flange would be expected in a blade and is a
meaningful result. Overall, the beam data with material DD5P flanges are consistent with
web and/or flange coupon results in the absence of failures resulting from load

introduction problems.

Stiffness Changes

Several of the beams were monitored for stiffness changes. Figure 7.27 gives
stiffness change as a function of fractional lifetime for nine beams. Stiffness changes

were generally moderate, with the greatest changes associated with delaminations, as




209

¥ Comprcs%ln_rt.ange]-
/ 1

C
o) / \ \Y
1 X X Tk
-2
0 50 100 150 200 250 300 350
Beam X -Axis, mm
Z=0mm — Z=3mm Z=10mm * Z=18mm -®- Z =25 mm

Figure 7.22. Shear stress XY at the adhesive interface of flanges (17.8 kN
load).
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Tension Flange

150 200
Beam X - Axis, mm
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Compression Flange
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Figure 7.23. Shear stress XZ at the adhesive interface of flanges (17.8 kN
load).
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Figure 7.24. Shear stress YZ at the adhesive interface of flanges (17.8 kN
load).
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delamination initiation locations

Tension Flange Position, mm

Figure 7.25. Normalized Von Mises stress on the centerline of the
beam in the adhesive layer (z =0)

Outline of C-channel and matrix cracks
Matrix cracks

Adhesive e

C-channel
web

Adhesive/?

Web

Figure 7.26. Matrix cracking at tensile flange in Beam 28 (x =
178 mm) at delamination initiation location.
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reported in the first section. Material coﬁpon stiffness changes tend to be in the range of
10 to 15 percent until just prior to failure [2]. Changes greater than this are typically the
result of structural breakdown as by delamination in the load-transfer area. Strains during
fatigue were monitored by special clip gages described in Chapter 2, because bonded

strain gages fail with the onset of matrix cracking.

Studies Of Structural Details

Wind turbine blades are comprised of large areas of structure to which the
foregoing sections apply. However, they also contain unintentional flaws and necessary
structural details such as ply drops and adhesive bonds. The beam test specimen provides
a good context in which to consider certain structural details. This section includes results
for the effects of severe flaws in the form of through-thickness, 13-mm diameter holes.
The coupon data are presented followed by results where the detail is incorporated into

beam flanges. Tests with ply drops are described in Reference 13.

Effects of Through-Thickness Holes

Turbine blades are subject to damage and manufacturing flaws, and in some cases
may contain bolted connections. Composite materials are relatively insensitive to notches
and flaws, but still demonstrate some degree of notch sensitivity in most cases [82, 83].
'The most notch-sensitive composites tend to be woven biaxial fabric constructions, with
finer weaves giving more notch sensitivity; in the most notch-sensitive cases, or with very
large flaws, linear fracture mechanics may be applied for through-thickness flaws [82].
More commonly, stable damage development near flaws is significant, and two parameter

models such as the Nuismer-Whitney mode] are used [83]. Sometimes, a through
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Figure 7.27. Beam stiffness versus lifetime (n: cycles endured; N: cycles to
failure).

thickness hole is used in laminate tests, which tends to produce a more severe strength
loss than flaws that escape visual inspection. For the carbon-fiber composites that have
been investigated, impact damage and resulting delamination tend to be slightly more

severe than through-holes in compression.

Coupon Results With Holes

We investigated flaw sensitivity for AA triax material, which, like woven fabrics
[84], was expected to exhibit more notch sensitivity than separate ply laminates. Figure
7.28 gives coupon fatigue maximum stress versus cycles to failure (S-N) data for notched
and unnotched specimens, where the notch was a central 13-mm diameter through-hole in

a 51-mm-wide coupon. The stress plotted in Figure 7.28 is that in the far-field, away from
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the notch. Figure 7.29 gives the same data plotted for the net cross-sectional area
remaining at the hole, which is about 38-mm wide for the 51-mm overall width notched
specimens. The data show moderate notch sensitivity for the static tests. The fatigue
trends appear identical when the data are plotted in Figure 7.30 on a normalized basis; the
unnotched and notched results are superimposed. These results are typical for those of
many fiberglass laminates [I, 2], In compression, the results are slightly more notch
sensitive (see Figure 7.31), but less notch sensitive in reverse loading (see Figure 7.32).
However, the reverse-loading case is the most fatigue sensitive for the stresses that
produce failure in a given number of cycles. Figures 7.33 and 7.34 show the progression
of damage and the damage in failed coupons for the tensile fatigue cases. Figure 7.35

shows local delamination damage for a compression coupon with no hole.

2 400

Cycles to Failure
m  Unnotched v Notched

Figure 7.28. Tensile fatigue data for material AA coupons with and
without a 13 mm diameter hole, R = 0.1.
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Cycles to Failure
m  Unnotched v Notched

Figure 7.29. Tensile fatigue data for material AA coupons with and
without a 13 mm diameter hole, R =0.1.

3 0.6

Cycles to Failure
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Figure 7.30. Normalized tensile fatigue data for material AA coupons with
and without a 13 mm diameter hole, R = 0.1 (stress is divided by the one-
cycle strength).
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Figure 7.31. Compressive fatigue data for material AA coupons with and
without a 13 mm diameter hole, R=10.
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Coupon 164AA
103 MPa, R=01
N = 154,275 cycles

/N =0.52

N =0.77

WN=1

Figure 7.33. Damage around the 13 mm
diameter hole versus fatigue lifetime.

182AA  213AA 165AA 189AA 2 10AA 208AA
352 MPa 241 MPa 172 MPa 138 MPa 103 MPa 86 MPa

Figure 7.34. Photograph of damage around the 13 mm diameter hole
at different stress levels, R = 0.1 (lines indicate damage border).
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Figure 7.35. Delamination on a compression fatigue coupon (coupon 127AA).

Beam Results With Holes

Three beams with several 13-mm-diameter holes drilled through both tension and
compressive flanges (see Table 7.1) were constructed. As expected, Figure 7.36 shows
that the holes did reduce the static strength and fatigue life, relative to beams without
holes. Figure 7.37 confirms that the beams behave similarly to the coupons containing
holes. The static-tested beam (17) and the low-cycle fatigue beam (15) failed in
compression, as expected from the coupon data, although at lower stress and higher
cycles, the failure shifted to the tensile flange (beam 16). Again this is consistent with the
coupon predictions. The mode shift is expected by comparing Figure 7.29 with 7.31.
Figure 7.38 shows the details of failed beams with holes and other details as given in
Appendix B.

The results of tests in this section for strength, fatigue lifetime and failure mode

again show consistent behavior between coupons and beam structures. Severe flaws in the
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form of 13-mm-diameter holes produce a moderate-strength reduction in the fatigue life
of unflawed coupons. However, the far-field strain to produce failure at 106cycles is still
in the 0.4% range, only slightly below that for the unnotched specimens. The unnotched
and notched trend lines tend to converge at high cycles in tension, as reported in the

literature [13].

Beams Utilizing a Balsa Wood Core

Two beams (58 and 59) were constructed using material DD27 for the flanges and
CH?12 for the web. Material DD27 is the same as material DD5P with an additional center
layer of 6 mm thick balsa wood to increase the moment of inertia of the flange. Both of

these beams are detailed in Appendix B. The performance of these flanges was

Cycles to Failure
0O Beam Tension Flange v Beam Compression Flange
m  Beam Tension Flange With Hole T Beam Compression Flange With Hole
Figure 7.36. Comparison of AA material flange beams without holes to
AA beams with 13 mm diameter holes in the flanges.
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Figure 7.37. Comparison of AA material flange beams with holes to AA
material coupons with 13 mm diameter holes.

Beam 15 Compression flange

Beam 15 side view

Figure 7.38. Beam 15 with holes, static compression flange
failure.
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disappointing as the fatigue lifetimes fell well short of the beams previously tested. A
possible reason for this performance was the termination of the balsa wood core under the
load pads. The termination could have initiated cracks which caused the delamination
failures. Further research is required to develop a testing gec')metry which will prevent this

delamination and prevent localized crushing under the load pads.

Conclusions for I-beam Study

The main objective was to develop a beam test specimen representative of wind
turbine blade primary substructure to test the validity of using the materials .database-andﬂ
current design methodologies for predicting structural strength, stiffr;ess, failure mode,
and fatigue lifetime. This objective was met, as the findings show that strength, stiffness,
failure mode, and fatigue life can be predicted wif[h acceptable accuracy as long as
premature failure does not occur in the load introduction areas. (The specialized load
introduction details for the beams are not representative of blades, but the general
problem of load transfer at the hub and other special details of blades is of similar
concern.)

Tests using the triax (material AA) flanges and +45° (CH10) web showed good
agreement between experimental and predicted results for strength, failure mode, and
fatigue ertime. As predicted, the failure mode shifted from compression at low cycles
(only the static, one cycle tests could be conducted experimentally because of the very
low cycles) to tensile flange failure at moderate to high cycles and lower loads. The poor

tensile fatigue performance of triax fabric in coupons was equally evident in the beam
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structures, with good quantitative correlation on lifetimes.

The use of materials with improved fatigue resistance (material DD5P in the
flanges) did raise the strain capacity of the beam in fatigue by about a factor of two, as
predicted. Failures then shifted to the web flange area, which experienced severe damage,
sometimes leading to delamination from the main flange. This failure mode occurred at
slightly higher strains than the web material coupons could withstand (materials CH10
and CH3), because the web flange +45° layers can deteric;rate heavily before the beam
fails, as compared with failure of the 0° layers in the flange, which produces rapid failure.
Further increases in the 0° content of the web (materials CH12 and DD5P) resulted in
premature load pad and shear stiffener failures. Although the failure modes were more
complex with the material DD5P flanges, making validation of lifetime pr.edictions more
difficult, the béam results did fall in the strain and lifetime range predicted by the coupon
database.

The final sections of the chépter include results of an ongoing study that uses the
beam specimen to explore the effects of flaws and structural details. A 13 mm diameter
through-thickness drilled hole has been considered in the composites industry as a very
severe type of flaw, worse than most flaws found in service. Coupons' with holes showed
moderate notch sensitivity in static tests, and similar normalized fatigue trends to
unnotched coupons. Beams with holes in both flanges showed results for strength and
lifetime that were consistent with the coupon data, again validating the use of coupon

data for predicting structural performance.
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CHAPTER 8

CYLINDRICAL TUBES

Hollow cylindrical tapered tube geometries were developed for their use in wind
turbine blade test sections on a Bergey 10 kW wind turbine (Figure 1.1) at the Rice Ridge
Renewable Energy Park near Norris, Montana. The tubes would allow for accelerated
fatigue testing of candidate fiberglass materials under actual wind loading conditions.
This small, hollow cross-section geometry was selected for its simplicity and because it
would develop significant stresses under the loading conditions of a small, 10 kW
turbine, while maintaining a wall thickness which was .sufficient for commercial
reinforcing fabrics. The hollow shape is marginally representative of the hollow cross-
section of larger wind turbine blades (like the AOC 15/50, 50 k-W machine) and fairly
easy to model and manufacture. The geometry of the tube is shown in Figure 8.1 and
construction is detailed in Chapter 2. A tapered tube with a varying moment of inertia
allowed for a gage section where the maximum bending strains would occur, away from
the stress concentrations at the ends. All the measured strains on the tube sections were
obtained from this gage section unless otherwise noted. These tubes were tested in both

4-point and cantilever bending geometries.
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25 mm
H— »
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Tube thickness = 3.1 mm 38 44 mm
¥ 1
305 mm >

External tube dimensions

Figure 8.1. Hollow cylindrical tapered tube geometry.

Static 4-Point Bending Tests

The first stage of testing involved static 4-point bending of the tubes in the
standard beam testing apparatus, described earlier. The purposes of these preliminary
tests was development of the load introduction end fixtures, composite lay-up schedule,
and the manufacturing process. The static 4-point bending tests dealing with tubes Tl 10
through T1 19 are summarized in Table 8.1. Using a relatively thin, hollow cross-section
in bending, the resistance to buckling is the limiting static design factor; initiation of
failure in these tubes was buckling and delamination of the compression side of the gage
section. Different laminate lay-up schedules were performed in an attempt to obtain gage
section strength failures prior to buckling. The tubes should produce strains to failure
close to those obtained in flat coupons, as did the I-beam tests. The tubes tested in 4-point
bending had a 21 cm clear span between two tapered steel mandrels that were adhesively
bonded with Hysol EA9309.2NA to the inside surface of the tube.

The first lay-up schedule was a [0/+£45/0] lay-up (similar to material DD2) using

the D 155 and DB 120 fabrics. This design gave a wall thickness of 1.9 mm which
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corresponded to a fiber volume fraction of 0.44. Tubes T110, T111 and T112 all had very
low maximum strains comparéd with the strains obtained from the coupon tests,
indicating that the tube was buckling. Figure 8.2 shows evidence of this buckling in the
bending moment versus bending strain diagram for tube T110. The surface damage to
Tube T110 is shown in Figure 8.3. This, and subsequent images deali.ng with the failure
surfaces, were obtained by rolling the failed tube section across a digital flatbed scanner,
following the scanner sensor movement. This process allowed the entire tube surface to
be displayed in one figure. The top and bottom of the figures represent vthe; maximum
tensile stress location in the gage section; the maximum compressive stress location
(where failure occurred) was in the center of the figure. The right hand side of figures
dealing with the cantilever tests was the end with the fixed support.

damage was localized in the gage section and it is believed that the evident fiber waviness
was the cause of the low failure strains. The other internal plies compressively buckled
inward and could be clearly seen by viewing inside the ;:ection. The same types of failures
were seen‘with tubes T111 and T112 which are detailed in Figures 8.4 through 8.7.
During testing, tube T111 was observed to change from a circular cross-section to an
elliptical one prior to catastrophic fgilure. This tubé had better fiber alignment and also
reached higher failure strains than tube T110. Figure 8.4 also shows a n;lore nearly linear
behavior of the tension and compressive strain gages than tube T110. Tube T112 had
some delamination in the outside compressive plies along with a through thickness shear
crack, with no other damage on the rest of the tube. The term “shear crack” refers to the

evident shear distortion of the fabric across the crack, and the angular direction of the
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Figure 8.3 shows delamination of the outside 0° ply with some fiber waviness. The
crack. The cause of the through thickness crack is undetermined; this was the only tube

that failed in this manner.

Table 8.1. Summary of static four - point bending tests performed on tube sections.

Wall Maximum strain Maximum 4-
Tube Fabric lay-up  thicknessl  (tensile/compressive), point bending
mm % moment, N-m
TIIO 0.49/-0.60 310
Till [0/£45/0] 1.9-2.0 0.85/-1.30 382
Tl 12 0.48 /-0.50 232
TI13 0.82/- 413
Tl 142 [+45/02-45] 1.9-2.0 —/-0.92 509
TI15 0.51/-0.32 308
Tl 16 2.10/-141 1,551
Tl 17 1.74/-1.22 1,634
[+45/0/+45] 3.5-3.6
T118 192/-1.98 1,850
T119 2.19/-1.89 1,930

1-Average tube V£=0.43 - 0.44. 2-Tube TI 14 had a foam core.

38 cm steel

mandrel

support 30 cm support

61 cm
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Figure 8.2. Bending moment versus bending strain for TI 10.
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Figure 8.4. Bending moment versus bending strain for Tl 11

Figure 8.5. Till failed tube surface.
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Figure 8.6. Bending moment versus bending strain for T1 12

Figure 8.7. T1 12 failed tube surface.

Tubes T1 13, Tl 14 and T1 15 had the orientation of the lay-up reversed which
placed the 0° plies in the center of the thickness ([+45/02-45]) as detailed in Figures 8.8

through 8.13. This lay-up was used to determine whether the 45° plies could add lateral
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support the 0° plies to increase their buckling resistance. Tubes T 13 and TI 14 had only
one strain gage on the gage section and tube TI 14 had the interior of the tube foamed in
with “Great Stuff®” polyurethane foam manufactured by Insta-foam Products
(approximate ultimate compressive strength of 80 kPa and modulus of 0.8 MPa and a
density of 30 kg/m3. The foam was used to increase the failure moment of the tube by
increasing the buckling resistance, and resulted in a moment capacity increase of
approximately 50 percent over the other tubes. Tubes Tl 13 and TI 15 showed little
damage on the surface while tube T 14 (with the foam) had massive circumferential
delaminations. Figure 8.10 shows the applied bending moment versus the compressive
strain for tube TI 14; the behavior was linear up to 0.8 percent strain when an audible
crack was heard during the test. The graph continues non-linearly from this strain; it was

not determined if the crack was the foam core delaminating from the interior tube surface
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Figure 8.8. Bending moment versus bending strain for Tube T1 13
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Figure 8.10. Bending moment versus bending strain for T1 14.
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Figure 8.11 TI 14 failed tube surface.
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0.2 0.3 0.4 |
Maximum absolute bending strains, %

Figure 8.12. Bending moment versus bending strains for T1 15.
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or a delamination between the composite. plies. Figure 8.13 details the applied bending
moment versus the absolute bending strains for tube T115. The compression gage
deviated from a linear behavior early in the test gmd the failure surface showed little
damage around the compression strain gage. The cause of this deviation or the lack of
damage at this location was not determined.

The third iteration of the laminate lay-up involved a [+45/0,/+45] schedule that
increased the wall thickness to 3.5 mm while maintaining a fiber volume fraction of 0.43.
This lay-up caused an increase in the failure moments and strains in the tubes. Figures
8.14 through 8.20 show the failed tubes and their associated bending moment versus
bending strain diagrams. The figures show much larger delaminations than the previous
tubes (T110 to T115). Tube T118 had four strain gages located 90° apart from each other
and the recorded st.rains‘are shown in Figure 8.17. It can be seen from this figure that the

bending strains are linear until the compression side of the tube starts to buckle inwards.
The strains recorded by strain gages two and four, which should have been on the neutral
axis plane of the bending beam, were picking up some minor tensile strains, 0.09% and
0.20% respectively at failure, probably due to the neutral axis shifting towards the

compressive side of the tube as the tube changed shape.
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Figure 8.13. TI 15 failed tube surface.
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Figure 8.14. Bending moment versus bending strains for T1 16.
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Figure 8.15. TI 16 failed tube surface.
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Figure 8.16. Bending moment versus bending strains for T1 17.
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Figure 8.17. Bending moment versus bending strains for T1 18

Figure 8.18. T1 18 failed tube surface.



238

2000

Compression gage tension gage

c 1000

0.5 1 1.5 2
Maximum absolute bending strains, %

Figure 8.19. Bending moment versus bending strains for T1 19.

Figure 8.20. TI 19 failed tube surface.
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Static and Fatigue Cantilever Beam Tests
Following the 4-point bending tests, the study turned to fatigue testing and the
problems associated with load transfer through the tube section. Various internal, external
and combined tube end inserts were studied to transfer the bending loads through the tube
section and into the fixed support. Figure 8.21 shows some of the end fatigue failures
generated in this research. The final solution was the use of a combined 2024-T3

aluminum internal insert with an external retaining ring, detailed in Chapter 2.

Fiberglass tube Metal insert fatigue failures
pullout (aluminum 6061-T6, steel 4130)

Figure 8.21. Cantilever tube end fixture failures.

A lay-up schedule of [0/£45/0]s (material DD5/DD5P) using the D 155 and
DB 120 fabrics was used for these tubes. This schedule gave a tube wall thickness of 3.1
mm and corresponded to a fiber volume fraction of 0.38 in the gage section. With the
tube diameter (38.1 to 25.4 mm) and the distance from the applied cantilever load (46 to
76 cm) changing, the maximum bending stress on the tube varies with position. The

normalized maximum bending stress profile on the tube section is detailed in Figure 8.22
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aﬁd shows that the maximum stress occurred on the inboard side of the gage section
nearest the fixeci end. The cantilever tests dealing with tubes T120 through T137 are
summarized in Table 8.2 along with a diagram of the testing setup.

This series of cantilever bending tests were performed using displacement control
at frequencies less than 4 Hz due to the large actuator displacement required (up to 15
cm). Load control was tried, but proved unreliable in this testing application. Figures 8.22
through.8.28 show typical failure surfaces of the tubes. Figures 8.22 through 8.25 show
that the failure delamination is predominately in the gage section, extending towards the
fixed end of the tube, as was expected from the bending stress distribution. Figure 8.26
shows delaminated 0° material starting under the compressive strain gage; it was not
determined whether there was any influence of the surface preparation (light sanding)
needed for the strain gage placement. Many of the tubes tested in fatigue initiated some
delamination of the surface 0° material on the compression side, and this delamination
grew until final failure. During numerous tests, the D155 surface strands were seen to
delaminate on the compression side of the tube and buckle off of the surface of the tube,
centered around the stitching thread in the D155 fabric. Figures 8.27 and 8.28 show some
very localized delamination, and delamination on both sides of the gage length,
respectively.

Figure 8.29 shows the bending stress-strain diagram for the static test of tube
T122. The compressive failure strain is similar to the failure strains on ’Fhe I-beams. As
the fatigue tests progressed, it was noticed that the end adhesive joints were delaminating

from the aluminum fixtures, shown in Figure 8.30. This figure shows cracking of the
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adhesive between the aluminum end and the composite tube which extended along the
circumference of the aluminum end fitting. Figure 8.31 shows that the cracking initiated
and grew between the adhesive layer and the composite. The bonding of the adhesive to
the aluminum end appeared intact and functional. This figure is from tube T 137 and
shows extensive cracking in the composite and at the composite-adhesive interface.
Figure 8.32 shows cracking between the 0° D 155 and the polyester matrix with most of
the cracks along the outside or within the D 155 strands.

To investigate the problem of cracking in the adhesive layer, two static axial
tensile tests were performed, one with extensive previous bending fatigue cycles on it and

one without prior loading. Figures 8.33 and 8.34 show the axial tests. These tests were

o 0.9
84 cm .
O 0.7 Test section
— 30cm —
Steel Cantilever Beam
9 06 n / 26 cm
maximum 4 &
stress 8cm
@ 0.5

0O 2 4 6 8 10 12 14 16 18 20 22 24 26
Distance from cantilever tube end, x (cm)

Figure 8.22. Normalized maximum bending stress vs. position on the tube.
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Table 8.2. Test summary for tubes T120 through T1 37.

.. . . Maximum
Initial Maximum strain cantilever
Tube  stiffness (tensile/compressive) . Cycles Comments
bending
N/m %
load, N
T 120 279 0.86/-0.92 778 14,213
T121 225 1.12/-1.37 1,246 1,641
T122 235 166/-1.84 1,850 |
T123 242 1.86/-1.79 1,966 |
T124 254 0.78/-0.76 756 250,000 R End adhesive
202 0.97/-0.93 756 794,370  failure, repaired
T125 293 0.93/-0.89 756 350,000 R Steel failed
T 126 246 0.94/-0.92 712 29,280
T 127 240 0.83/-0.87 712 200,150 R End failure
T128 226 1.03/-0.98 667 215,000
0.98/-0.93 578 2,193,960 Fatigue test
T129 229 ]
- 1,882 | Static test
T130 244 0.94/-0.88 601 1800000 R Hatigue and
axial test
T131 212 0.95/-0.90 756 177,860
T132 245 0.83/-0.86 756 2,145,083
T133 - 0.936 - | Axial test
T134 253 0.86/-0.91 712 3,283,749
T135 240 1.81/-1.78 2,045 I
T136 227 1.73/-1.88 1,835 I
TI137 215 0.92/-1.01 756 529,919
All tubes had a lay-up of (0/+45/0)s.
----------------------- 84 cm  ---mememememememeeeee
30 cm
Steel Cantilever Beam | T |
A Test section
8cm+| I

Load
k— 23cm —J



243

Figure 8.23. T 121 failed tube surface.

Figure 8.24. T 122 failed tube surface.
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Figure 8.25. T 123 failed tube surface.
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Figure 8.28. T129 failed tube surface.
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performed in the Instron 8562 with the extensometer across the gage section of the tube.
These two graphs show that the axial strength of the adhesive joint decreases as the tube
is fatigued in bending, as was expected. The tube failed between the polyester matrix and
the adhesive; no cracks between the adhesive and the aluminum were visible.

Figure 8.35 shows the aluminum end from tube T 134, indicating a through
thickness fatigue crack in the aluminum end. The presence of this crack and the cracking
in the adhesive joint, indicates that further design changes of the aluminum ends may be

necessary if a larger number of fatigue cycles are to be applied to the tube sections.

Maximum tensile strain = 1.66%

Maximum compressive strain =-1.84%
A 400

w 300

0.2 04 06 0.8 12 14 16 18
Absolute maximum strain, %

Figure 8.29. Bending stress versus bending strain for T 122.
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Maximum tensile stress location

Maximum absolute compressive stress location

Figure 8.30. Polished end of T130 showing adhesive cracking.
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Aluminum Aormm

Figure 8.31. T 137 fixed end support showing extensive
cracking.

D155 0° fibers

Figure 8.32. T 130 fixed end support showing cracking.
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Figure 8.33. Axial stress in the gage length versus axial strain for tube
T 130 tested in uniaxial tension after 1,800,000 bending fatigue (R=0.1,
with a maximum strain of 0.9 %) cycles.
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Figure 8.34. Axial stress in the gage section versus axial strain for
tube T 133, tested in uniaxial tension without prior fatigue testing.
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Figure 8.35. Fixed end of tube T 134 showing a metal
fatigue crack after 3,200,000 cycles.

Comparison with Coupon Tests

The static and fatigue tests were compared with the DD5P material from the
database, which is the same lay-up and fiber content as the tubes T 120 to T 137. These
results are presented in Figures 8.36 through 8.40. Figure 8.36 shows the tensile and
compressive DD5P test coupons with the tensile and compressive results from the tubes.
The static failure strains for the tubes are much less than for the coupons due to the
limiting compressive buckling resistance. The maximum static tensile strain is
meaningless because, when the tube fails by compression, it fails the entire tube and thus
gives a low static tensile strain. None of the tubes failed on the tensile side.

Figure 8.37 details the compressive component of Figure 8.36 and also shows that
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all the tube strains are below the DD5P compressive coupon behavior. When these data
are normalized by the absolute maximum compressive strain, as shown in Figure 8.38,
the behavior of the tubes is accurately predicted by the DD5P coupon tests. These results
paralleled the comparisons between the 1-beam tests and compression coupons. Higher
cycle, lower load fatigue tests would be expected (from coupon data, Figure 8.36) to

produce tensile failures; tests have not yet been run in this range.

-b 2.4
IX\A
P12
Cycles to failure
O Tension Coupons (R=0.1) a Compression Coupons (R=10)
m  Tube Tensile Strain *  Tube Compressive Strain

Figure 8.36. Tubes T 120 - T137 compared with material DD5P Tensile
(R=0OT) and Compressive (R=10) coupons.
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Figure 8.37. Compressive fatigue data for Tubes T120 - T137 compared
with material DD5P compressive (R=10) coupons.
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Figure 8.38. Normalized compressive fatigue data for Tubes T120 - T137
compared with material DD5P compressive (R=IO) coupons.
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Conclusions for Cylindrical Tubes

A hollow cylindrical tapered tube geometry with load transfer connections was
developed and tested under both static and fatigue cantilever bénding conditions, typical
of those found on wind turbine blades. Due to the relatively thin hollow tube geometry,
the compressive buckling behavior was the limiting static design parameter and the
maximum obtained compressive strain in the tube section was 75 percent of the
maximum strain obtained from the database test coupons (which were tested using a 13
mm gage length and unsupportéd faces). The compréssive failure strains of the tubes were
similar to those generated by the I-beam tests. Delamination of the test tube from the
aluminum ends was a persistent problem, which still has \to be addressed to prevent this

failure from influencing the lifetime of the tube section under higher cycle fatigue tests.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

The main motivation of this research has been to develop a f'iberglass fatigue
database and to validate its use in substructures. As the study developed, it became -
evident that great differences in fatigue resistance existed as parameters such as fiber
content and fabric architecture were varied. The original scope of the thesis was then
expanded to locate fatigue problem areas‘ in fiberglass materials and determine their
characteristics, specifically dealing with: reinforcement fabric architecture, fiber content,
content of fibers orientated in the load direction, matrix material and loading values
(tension, compression and revérsed loading). The results of this nine-year study are
represented in the “DOE/MSU Composite Material Fatigue Database,” which currently
has over 6000 static and fatigue tests covering 148 different fiberglass materials and
numerous R-values (0.1, 10, -1, with some at 0.5, -0.5 and 2). To validate the use of the
database in larger structures, selected materials have been incorporated into composite I-

beam and hollow tube substructural elements representative of wind turbine blades.

High Cycle Fatigue Behavior of Glass Strands
The behavior of glass strands with 45 and 2000 glass fibers was studied in tensile

fatigue (R = 0.1) out to 10® to 10° cycles. The tensile fatigue behavior of glass fiber is a
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fiber dominated property, independent of the matrix or fiber-matrix interface. It is
believed that a mechanical wearing or fretting process at the fiber surface, caused by
fiber-fiber interaction fiber interaction with other particles at delamination sites, is
responsible for the failure of the glass fibers during the fatigue cycling. Locating surface
damage on individual fibers generated by the fatigue process was unsuccessful, and it
may not be possible to differentiate fatigue induced damage from surface damage present
on pristine fibers. Presently, a material fatigue limit has not been found. The 8 to 9
percent per decade linear slope (on a semi-log plot) of the strand tensile fatigue trend line
starts to decrease in slope in the 10® to 10° cycle range, and more data are required to
determine if this slope is tapering off enough to constitute a fatigue limit or may just
reflect a change in the faiiure mode. When the data are Viewéd on a log-log plot, no clear

slope change in the 10® to 10° cycle range is evident.

Reinforcement Fabric Architecture Effects

Detailed conclusions relative to specific fabric types and weights can be found in
Chapter 5. There are two general types of glass fabrics available: stitched and woven.
Stitched fabrics involve the stitching thread, or wéft, to hold the unidirectional fabric
together, such as the Owens Corning D155 fabric, so that it may be easily handled during
composite manufacture. Individual fiber strands may also be stitched to a mat, veil or a
+45° fabric (triax). The stitching thread can pinch the fiber strand and the strands
adjacent to it, causing increased local fiber content and fiber-to-fiber contact within the

strands, which decreases the fatigue resistance of the composite. Some of the fabrics




256

showing relatively good fatigue resistance, such as the D155 fabric, are only available as
weft unidirectionals, with the fibers orientated perpendicular to the long direction of the
roll, providing only a 1.3 to 2.7 meter fiber length. Wind turbine blades require longer
strand lengths and therefore use triax (stitched 0° /+45°) or warp unidirectional woven
fabrics. Woven fabrics have delamination problems at thé weave cross-over points.
Additionally, due to the woven fibers having a small angle away from 0°, their
compressive strengths are significantly reduced relative to fabrics with straight strands.

Stitched or woven fabrics restrict the strand movement and produce pinching
points periodically along the strands. The only composites which were able to maintain
good fatigue resistance at fiber V;)Iume fractions greater than 0.5 were fabrics which had
the weft stitching thread removed prior to resin transfer molding.

All the unidirectional fabrics tested provided tensile strengths and elastic moduli
which were accuratel}; predicted by laminate analysis. The woven fabrics had an ultimate
tensile strain of 2.4 to 2.7 percent while the stitched fabrics had a range ,of 2.6t03.1
percent. The A060 fabric produced a low tensile failure strain of 1.8 percent that was
explained by the presence of the large thermoplastic-glass weft used to weave the fabric
(the same weft used to weave thc.; heavier fabrics). Over a fiber volume fraction range of
0.30 to 0.59, th_e stitched fabrics provided ultimate compressive strains of -1.6 to -2.1
percent, whiie the woven fabrics had a range of -1.0 to -1.4 percent strain. This relative
difference in failure strains was maintained in fatigue in the million-cycle strain for R=10.
There was no significant difference in the fatigue performance between the different

+45° fabrics. The fabrics which were stitched to a mat (CM1701, DBM1204) or
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adhesively bonded to a mat (UC1010, UC1018) provided lower static failure strains and
poorer fatigue resistance than the materials without the mat at fiber volume fractions
greater than 0.40, but had good fatigue resistance at fiber volume fractions less than 0.40
(materials X, Y, and DD25B). Further testing is required to determine if this is a true

material behavior or is an interaction of the mat with the other fabrics.

Fiber Content

Increasing the fiber volume fraction of the composite increases the strength and
stiffness (modulus), but also tends to decrease the fatigue resistance. A transition from
good tensile fatigue resistance to poor resistance occurs as the fiber content increases in
the range of 38 to 42 percent fiber by volume for the fabrics tested. The transition occurs
at lower fiber contents in multidirectional laminates. As the fiber content increases, the
number of fibers (and strands) in direct contact with other fibers increases, as does the
local strand fiber content, and this may lead to more rapid fatigue wear-out by increasing
the number of fiber breaks in the local pinched area. The presence of a stitch or other
discontinuity (weaving weft) increases the severity of this fiber-fiber interaction, due to

pinching, and reduces to fatigue resistance.

Content of Fibers in the Loading Direction

Laminates containing 100 percent +£45° plies relative to the load direction had an
initial strain for one million cycles of 0.27 to 0.58 percent (R = 0.1), while at high

percentages of 0° plies (and low fiber contents), the million-cycle strain reaches the range
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of 1.0 to 1.2 percent, the same as for th.e unidirectional 0° material alone. At lower
contents of 0° material (16 to 56 percent) the low fiber volume fraction materials (V<
0.37) showed million cycle strain.values in tensile fatigue in the 0.7 to 0.8 percent range,
éomewhat below that for the 0° material alone, but well above the +45° material alone.
At fiber volume fractions less than 0.37, all of the laminates failed in a fiber-dominated

mode; in tensile fatigue the major difference was in the static ultimate tensile strain

values. The laminates with high 0° content failed around 2.7 to 3.1 percent static ultimate

strain, while the laminates with lower 0° material content failed at around 1.8 to 2.2

percent static strain. This difference in failure strain is preserved in fatigue, with similar

fiber dominated b coefficients resulting in a lower million-cycle strain at a lower percent

0° material.

Matrix Materials

Six different resin systems, two epoxy, two polyester and two vinyl esters, were
tested in £45°, 90° and (0/+45/0)¢ laminate configurations. There were no significant
differences in the resins tested with the +45° and 90° laminates under R = 0.1 and 10
conditions. The Derakane 8084 vinyl ester had a slightly increased million-cycle strain
(relative to the base polyester) at R = 0.1 and 10, 1.39% and -1.66% versus 1.15% and -
1.37%, with the (0/+45/0)¢ laminate, but there was no improvement in fatigue
performance when tested at R = -1. It is believed that the increased resin toughness
reduced the amount of damage caused by hydraulic wedge grips, in the gripped ends of

the test coupons, which prevented premature fatigue failures. Ongoing environmental-
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fatigue sensitivity tests are showing a severe reduction in the (0/+45/0), laminate
compression fatigue properties under hot-wet conditions (50 °C, 1% moisture absorption)

of the polyester 63-AX-051. Future tests on the other resin systems are scheduled.

Optimum Laminates for Blade Primary Structure

At this time, the selection of a material for primary blade structure represents a
compromise. The best properties derive from fabrics with straight strands such as D155,
but these are not widely available with 0° strands in the warp direction of the fabric roll.
Thus, the A130 class of woven fabrics, despite a low compressive strength, are the only
reasonable choice. These should be used at a fiber volume fraction below 0.42 to obtain
the best tensile fatigue properties. The 0° fabric should be combined with at least 25 to 30
percent of a light +45° fabric, such as DB120, to prevent axial cracking and other
problems with all unidirectional material. The choice of matrix is not clear from the
fatigue data, but vinyl esters provide improved delamination, heat, and moisture

resistance at moderate cost [17].

I-beams
The main objective was to develop a beam test specimen representative of wind
turbine blade primary substructure to test the validity of using the materials database and
current design methodologies for predicting structural strength, stiffness, failure mode,
and fatigue lifetime. This objective was met, as the results show that strength, sti.ffness‘,

failure mode, and fatigue life can be predicted with acceptable accuracy as long as

5
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premature failure does not occur in the load introduction areas. Tests using the triax
(material AA) flanges and +45° (CH10) web showed good agreement between
experimental and predicted results for strength, failure mode, and fatigue lifetime. The
use of materials with @mproved fatigue resistance (material DD5P in the flanges and
CH12 in the web) did raise the straip capacity of the beam in fatigue by about a factor of
two, which also changed the failure mode from tensile or compression flange failure to a

web-flange delamination mode.

Cylindrical Tubes

A cylindrical tapered tube geometry with load transfer connections was developed
and tested under both static and fatigue cantilever bending conditions, typical of those
found on wind turbine blades. Due to the relatively thin hollow tube geometry,
compressive buckling was the limiting static design parameter and the maximum
obtained compressive strain in the tube section was 75 percent of the maximum strain
obtained from thg database test coupons (which were tested using a 13 mm gage length
and. unsupported faces). The compressive failure strains of the tubes were similar to those
generated by the I-beam tests. Delamination of the test tube from the aluminum ends was
a persistent problem, which still has to be addressed to prevent this failure from

influencing the lifetime of the tube section under higher cycle fatigue tests.

Recommendations

The database needs to be expanded to include other composite laminates at
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different R-values and at higher cycles. Fatigue testing of actual composite components
could also be performed to ascertain other manufacturing problems or defects which
affect the fatigue life of the component. Spectrum loading, more typical of the loadings
present on wind turbine blades and other structures, also needs to be addressed.

Other fabric forms should be developed for improved fatigue resistance. Bonded
fabrics or fabrics which use different stitching pattérns or employ stitching which
dissolves into the liquid resin could reduce the number of fiber-fiber contact points.
Varying the ply thickness and stacking sequence could also be investigated, as well as
fabrics mixed with non-structural filler plies or fiber mats to produce composites with
thickness varying fiber \}olﬁme fractions.

Most of the database has involved testing at room temperature and low humidity;
further environmental fatigue testing must be performed to better simulate the actual
conditions materials undergo when exposed to tl_le weathering elem;nts. Different resin
systems should be investigated for improved delamination and crack resistance, and

environmental stability, especially in larger substructures or assemblies.
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DOE / MSU COMPOSITE MATERIAL FATIGUE
DATABASE
December 1, 1999

This report was prepared as a part of work sponsored by an agency of the U.S. Government.
Neither the U.S. Government, nor any agency thereof, nor any of their employees, nor any
of their contractors, subcontractors, or their employees, makes any warranty, expressed or
implied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of this program, or represents that opinion expressed herein do not necessarily
state or reflect those of the U.S. Government, any agency thereof or any of their contractors
or subcontractors. The material presented in this publication should not be used or relied
upon for any specific application without competent examination and verification of its

- accuracy, suitability, and applicability by qualified professionals. Reference herein to any
specific commercial product or process by trade name, trademark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement or recommendation.
This December 1, 1999 version of the database supersedes all previous versions.
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Material CH2, V= 0.41, [£45/0/245]S  ..ccooi i 331
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Material CH3, V= 0.36, [£45/0/245]S ...coooeieie e 332
Material CH4, VF=10.40, [(£45)JS . oooereerieereeiirie e 332
Material CH5, VF=10.28, [(Z45)3S . ioccererrerrieiiiie e 333
Material CH6, V= 0.49, [£45/0/245]S ..covvoiieiiiicee e 335
Material CH7, VF=0.55, [(Z45)3S . iiceroerrerrieiiiie e 335
Material CH8, VF=0.39, [(Z45)JS ..iccoeiiiiiieiieiie et 336
Material CH9, VF=10.49, [(45)JS .oeoooeiiieiee e 337
Material CH10, VF=0.33, [(F45)3S ..ceererieerirriiiie e 337
Material CHI I, VF=0.54, [(F45)3S .ciooireeiiieiierie e 338
Material CH12, V= 0.34, [£45/0/£45]S ...eeviiiiiii e 339
Material CHI3, V= 0.48, [£45/0/245]S ...ccveioiiiiiieieeie e 341
Material CH14, V£=10.44, [245/0/£45]S ..ooovieiieiiee e 342
Material CH15, V= 0.32, [245/0/245]S ...ccoioiiiiiiiiieie e 343
Material CH16, V= 0.40, [£45/0/245]S ..cooveiiiiiieieieeeeeee e 343
Material CH17, V= 0.48, [£45/0/245]S ...ccvoioiiiiiiieiecieie e 344
Material CH18, V= 0.47, [£45/0/Z45]S ...ccveioiiiieiceee e 345
Material CH19, V= 0.33, [£45/0/Z45]S ...ccceioiiiiiiiiieie e 345
Material CH20, VF=0.25, [(Z453]S ..ceooerieeriirieiierie e 346
Material CH23, V= 0.32, [£45/0/245]S  .oooieeiieeee e 346
Material DD, V= 0.49, (0/£45/03£45/0) ...cceiiiiiiiiiiiieieeene e 347

Material DD2, V£= 0.42, (0/245/0)S .....cceeiiiieeieeeeiesie e 348
Material DD2A, V= 0.42, (0/245/0)S ....cooioeiiiiiieieee e 348
Material DD4, V= 0.50, (0/£45/0)S ......covviiiieiie et 349
Material DD5, VF=10.38, (0/£45/0)S .....ccoceeiiiiie et 349
Material DD5E, V£=0.36, (0/245/0)S ...cocoiieiie e 350
Material DD5P, V= 0.36, (0/£45/0)S ...ccoecieeie et 351
Material DD5V, V= 0.36, (0/245/0)S ...ccoeiiieiiie e 357
Material DD5V2, V= 0.35, (0/£45/0)S ...occvveeiieiii e 357
Material DD6, VF=0.31, (0/245/0)S ....ocoveiiiieiie e 358
Material DD7, V= 0.54, (0/£45/0)S ...cceioiiiiiieie e 359
Material DD8, V= 0.42, (0/£45/0)S .....cocovereririieie i 360
Material DD8A, VF=0.42, (0/£45/0)S .....ccveeeiiiiienieieieseseeeeee e 360
Material DD8B, V= 0.42, (0/£45/0)S ....coeoviiiiiiiecee e 360
Material DD9, V£=0.54, (0/245/0)S ....cccveiiiiiiieecie e 360

Material DD 10, VF=0.62, (0/245/0)S ......ceriiiriiiiieieniee e 361
Material DD 11, VF=0.31, (0/£45/0)S ...c.eevuereeiiiieeiieie et 361
Material DDI 1A, VF=10.31, (F45/04€45) ...oocoiiieiieeeeee s 363
Material DD 12, V£=10.43, (0/245/0)S .....ceoeeiieeiiiieniieie et 363
Material DD 13, VF=0.50, (0/245/0)S ......ceooiiiiiiiiiieienie e 363
Material DD 14, V£=0.35, (0/245/0)S .....cceeiiiiiiieiieienie e 364
Material DD 15, VF=0.25, (0/245/0)S .....ccceiieeriiiieriieie et 364
Material DD 16, V= 0.36, (90/0/245/0)S ....cceeveriirieieeeesieeiesie et 364

Material DD 17, V= 0.37/0.52, (0/245/0)S .......cecoviiiiiiiiiiieieie e 365
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Material DD 17A, V£=0.35/0.44, (0/245/0)S ...ccoveieeiieienieie e 365
Material DD 18, V= 0.34/0.40, (0/£45/0)S ...oooiiiiiieee e 366
Material DDI 8A, V= 0.36/0.43, (0/£45/0)S ....cceccviveiiiiieieieiere e 367
Material DD 19, V£=10.34/0.47, (0/£45/0)S ......ccoveiiiiiieiie e 368
Material DD19A, V£=0.36/0.50, (0/£45/0)S ....cccccvrrermeriirieneeree st 368
Material DD19B, V£= 0.36/0.50, (0/£45/0)S ......ceevemriimiiiieinieneene e 369
Material DD20, V£=0.34, [02£45/0]S ..cooeeiieiee e 370
Material DD20A, V£=0.37, [02Z45/0]S ...cccooeririieieiieienie e 370
Material DD22, V= 0.30, [02£45/0]S ..ceeveriiriirieiiiisinieieie e 370
Material DD24, V= 0.39, (0/£45/0FZ£45/0)...ccceiiiiriiiiiiieieeieneee e 371
Material DD25, VF=0.45, (0/£45/0)S .....ccoueiiieiiiieiieie e 371
Material DD25A, VF=0.48, (0/£45/0)S ........coceiirriiaieiieiiie e 372
Material DD25B, V= 0.31, (0/£45/0)S ......ccoviiiiiiieiie st 372
Material DD25D, V£=0.35/0.45, (0/£45/0)S ...cccoeiieiiiieniieie e 373
Material DD26, V£= 0.50, (0/245/0)S .....ccveirieiiiirieiiiisesieieie e 373
Material FFA, V= 0.38, (£45/0/0/145)S .....ccoooviiiieieieieienese e 373
Material FFB, V= 0.38, (0/£45/0/245)S .....ccccoeiiieie e 374
Material FFC, V£=0.38, (0/245/245/0)S .....ccceioiiiiiieieee e 375
Material FFD, V= 0.38, (0/0/245/£45)S ......ccceeiiiieieiieie e 375
Material FFF, V£= 0.38, (£45/£45/0/0)S .....c.ccoeiiiiiiiieiiee e 376
Material GG, V£=0.40, (02£45/02) ...c.oooeeee e 376
0° UNIAITECHIONAL TESES  ..ecvviiiieeiiie ettt e st e e be e e re e 378
Material A060, VF=0.41,[0]10.......cccumiimrmririeriiireneseeeeee e e 378
Material A130, VF=0.45, [0]8 ...cocveruerieriieiiiie et 378
Material AL30C, VF=10.35,[0]5 ..cvereereerierierieniesienieieeeeeiesee e sie e sresaeseeneas 379
Material AL30G, VF=0.55,[0]14 ..ocoveiiiiiiieiiceseeee e 380
Material A260, VF=0.35, [0]4 .oooeiieiieiieie e 380
Material CM1701, VF=0.38, [0]6 ....ccccverieirieirieiiiesee et 381
Material DO72A, VE=10.36, [O]M ...ooiiiiiiiiee e 381
Material D092, VF=10.45, [O]M ..ccociiiiiiiiieiieesieeeee e 382
Material DO92B, VF=0.41,]0]8 ...cceeivirieriie it 382
Material D092D, VF=0.30,[0]7 ..coeeoieeeeeeeee e 383
Material DO92F, VF=0.50,[0]10......ccceeiiririieiinienieneeee e 383
Material D092G, VF=0.58,[0]9 ...cceiiriiiiiiiiesicieeee e 384
Material D 155, VF=10.45, [0]6 ...ccccververierierierieseiie e 385
Material D155B, VF=10.39,[0]5 ....cecovmrierierierierieniesiesiieeeee e 385
Material D155C, VF=0.51,[0]7 .eccvooveieieieieiese e 386
Material D155G, VF=0.59,[0]8 .....cceerieririrriierieniesie e 387
Material D155H, VF=0.49,[0]7 ...oooiiieiiiie e s 388
Material D155J, VF=0.58,[0]6 .....ccceoereririiiiiiieeneeieie e 389
Material D155K, VF=0.33,[0]7 .eccviiirieieieie e 389
Material DB 120, VF=0.44,[0]116 .....ccceeriiieiieieciesieeneeee e s 390

Material DB240, VF=0.46,[0]8 ......c.coieiiieiieiieie e 391
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Material D155B, V= 0.39,[015 . .coovririeieieieie e s e e 392
Material 10D155, VF=0.38,[210]3 ...cceoieieiiriieireesirieie e 392
Material 20D155, VF=0.39,[£20]3 ....cceovverirerrieeiesieneerie e 1.... 392
Material 30D155, VF=0.40,[£30]3 ....coeoiiirieieiiereeie e s 393
Material 40D155, VF=0.40,[£40]3 ...coooiiieieiece e 393
Material 45D155, VF=0.38,[245]3 ...ooeiiiiieeeeeee e 394
Material 45D155P2, VF=10.40, [245]3 oo s 395
Material 45D155V2, VF=0.39,[145]3 ..ooiiieieieiecieeseeieie e 395
Material 45D155V, VF=0.40,[245]3 ...cvoiiieie e 396
Material 50D155, VF=10.39,[250]3 .....cooiiiiiirieiiee e 396
Material 60D155, VF= 0.40,[£60]3 .....ccoiiirrieieeieiierese e 397
Material 70D155, VF=0.40,[£70]3 ..oooeoiiie e e 391
Material 80D155, VF=0.38,[£80]3 ......cocveiiriiiierieeiereee e 398
Material 90D155, VF=0.38,[£90]3 ....ceeoveiieiirie e X 1398
Material 90D155V2, VF=10.38,[£90]3.....cccereririiiirieieieieiese e 399
Material 90D155V, VF=0.40,[£90]3.....cceriiiriierieeie e 399
Material 90D155E2, VF=0.38, [£90]3 ...cccooiiiiiiiieiiiere e X X400
MaterialROVI, V= 0.46, (0/90)4 ......coooeiiiiiieeeie e s 400
MaterialROV2, VF=0.30, (0/90)4 ......cooreiiieieeiee e "401
Material ROV3, VF=0.40, (0/90)5 ....ccceiiiie et 401
Material ROV4, VF=10.53, (0/90)6 ......cccoeririiiiieeie e 402

High Cycle Fatigue Databhase..........ccouviiiiiieiiiciic et 403
Longitudinal, VF=0.48 10 0.52, (02 ....ccocveiieiiieiie e 403
Transverse, VF=0.38, (90)4 .....c.ooi e 407

Prepreg (3M - 250E) MaterialS .......ccceiiiiiiiiiiieiie et 410
Material PP, VF=0.56, (OB ....ccooeriiirieieiese e 410
Material PP45, VF=0.54, [(Z45)ZS ...coeieeiiee et s 410
Material PPDD5, V= 0.56, (0F£45/03)S ......ccooiieiiieiiece e 410

G1asS-CarbON HY DTS .. ..ot 411
Material DD23, V= 0.45, (02£45/0/0C)S ....eccvviiiiieieieieienese e 411
Material CG, V= 0.56, [020200/02007 ........ccccvriiiirinieieee e 412
Material CA, VF=0.48, (O L12..ccuiiieiiiieiie e e 412

GlaSS ROVING TESIS  .oeiiuiiiiie ittt ettt ettt e nbe e e e te e snneens 413
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DB 120 - Strand, 750 FIDEIS.....ciiieeee e 421
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DOE/MSU Fiberglass Composite Database Introduction

A detailed guide to use of the database and test methods may be found in Reference
2 at the end of this section. Presently there are 22 commercial and 126 Montana State
University - Bozeman (MSU) manufactured fiberglass composites which have been fatigue
tested for this database. Test methods are outlined in papers listed at the end of this section.

Materials presently in the database include lay-up combinations of 0°, +45° and
0°/+45° fabrics tested in the strongest (longitudinal) and weakest (transverse) directions. The
commercial materials were generally hand lay-up and the MSU materials were resin transfer
molded (RTM). The database contains results from cyclic fatigue tests using a constant stress
amplitude sine waveform with R - values of 0.1 (tension-tension), 10 (compression-
compression) and -1 (tension-compression). The high cycle (typically 100 million cycle
range), high frequency part of the database has R - values of: 0.1, 0.5, 2, 10, -0.5 and -1. The
R - value is defined by: :

R - Minimum cyclic stress

Maximum cyclic stress

where tensile stress is treated as a positive value and the compressive stress is negative.
Thermal failures of the polymer matrix materials were avoided by using forced air cooling
and low testing frequencies, generally less than 20 Hz, with specialized test geometries for
higher frequencies. Generally the tension (R = 0.1) coupons used a 100 mm gage length and
the compression (R = 10) and reversed (R = -1) coupons used a 13 mm gage length with
unsupported edges.

Each test material is given a letter or letter and number designation which uniquely
identify the material and individual test coupons. All materials are E - glass fabric reinforced
thermoset polymer matrix composites unless otherwise noted. A brief description of the
database structure and the description of each composite is given below.

Tables 1 through 8 summarize the materials included in this database by fiber volume
fraction (Vp), ply configuration, matrix material and description of the fabric used, including
fabric manufacturer. Additional information about the material is listed before the material
test summary.

Table 9 summarizes the material properties of industry supplied materials typical of
those used in wind turbine blade structures. This summary lists the material, fiber volume
fraction, ultimate compressive strength, compressive fatigue sensitivity coefficient (be),
compressive strain for failure at one million cycles, ultimate tensile strength, tensile fatigue
sensitivity coefficient (by), tensile strain for failure at 1 million cycles and the initial elastic
modulus in the direction tested. The fatigue sensitivity coefficient, b, and by, are taken from
a linear curve fit to the normalized semi-log S-N fatigue plots, as S/So = 1 - b Log N, where
S is the maximum cyclic stress, So is the one-cycle strength, N is the cycles to failure abd b
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is the fatigue coefficient.

Table 10 summarizes the static longitudinal, transverse and simulated shear
properties for six fabrics used in the MSU manufactured composites. These properties have
been used in hand calculations and standard laminate analysis programs for fiber volume
fractions between 44% and 46%. Adjustments for other fiber contents can be found in
Reference 2. It should be noted that this table was generated with a coupon testing rate of
0.25 mm/s, which enhanced data acquisition, versus the standard database rate of 13 mm/s.

Tables 11 and 12 summarize the 3-D properties and strengths of a D 155 composite
for finite element analysis.

Tables 13 through 17 summarize the material properties of the materials
manufactured at MSU.

Table 18 summarizes the materials tested at an R value of R = - 1.

Table 19 summarizes the data from the high cycle fatigue tests and includes the strain
to failure at 1 million cycles and strain to failure at 100 million cycles for longitudinal and
transverse directions of a 0 °© composite.

The individual coupon test results are listed and summarized using eight columns with the
following example data structure:

(Col. 1) (Col.2) (Col.3) (Col.4) (Col.5) (Col.6)  (Col.7) (Col.8)
TEST & MAXIMUM R @ E e  CYCLES NOTES
SAMPLE STRESS Hz GPa %  TOFAIL

ED# MPa

(Col. 1) (Col.2) (Col.3) (Col.4) (Col5) (Col.6)  (Col.7) (Col.8)
63 102 561 25 237 160 | 25
70 105 129 01 10 262 031 11,000,000 25R
86 10INT 54 01 | 862 134 6,479 25
149 132N 86 4 5 228 036 105,505 25
215 125P -207 10 10 280 -063 14121 25

Col. I: Lists the MSU mechanical test reference number and the test coupon reference label.
If the sample D label is succeeded by the letter T, the material was tested in the
transverse direction or ninety degrees to the major zero degree fiber direction.

Col. 2: This column indicates the maximum stress in megapascals (MPa) which was applied
to the coupon. A positive number indicates tension while a negative number indicates
compression. For a compression test the stress listed as maximum is actually the
minimum stress. (English conversion factor is | MPa = 145.0326 psi)

Col. 3: Indicates the R - value of the fatigue test. An asterisk indicates a static, single cycle
tension or compression test.

Col. 4: Lists the cyclic sine wave frequency (Hz) at which the coupon was tested in fatigue
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or, in the case of a static test, the constant displacement ramp rate in millimeters per
second (mm/s).

Col. 5: Lists the initial (first cycle) measured elastic modulus (E) of the coupon in the
direction tested, in gigapascals (GPa).

Col. 6: Indicates the initial (first cycle) absolute maximum fatigue running strain (e) in
percent or the percent strain to failure for a static test.

Col. 7: Indicates the total cycles to failure for the test coupon, where failure is defined as the
inability of the test coupon to support the maximum absolute applied fatigue load.

Col. 8: Lists the test coupon width in millimeters (mm) and any other notation for comments.

The notations used in column 8 are summarized below (see Reference 2):

H - Coupon had a 12.7 mm diameter circular hole in the middle of the gage length

R - Run out, coupon has significant fatigue cycles but has not yet failed, test stopped.

Z - Double coupon thickness, two coupons bonded together to increase thickness

# - Coupons were post cured at a temperature of 110°C which was higher than the standard
curing temperature of 60°C.

#45 - Test coupon was tested with all the fibers orientated in the +45 direction to obtain
shear properties.

ZERO - Test coupon was tested with all fibers orientated in the zero degree load axis.
Fabrics were taken apart and orientated in the zero direction.

90 - Test coupon was tested with all the fibers orientated in the 90 degree or transverse to the
axis of loading.

tab - Coupon had additional tab material in the gripped area of the composite

tow - A complete glass strand from a particular fabric.

---- - Indicates that a value was unavailable.

Other notations used in the test material summary tables include:

Ve - Fiber volume content of the material in percent

UCS - Ultimate Compressive Strength of the material in MPa

UTS - Ultimate Tensile Strength of the material in MPa

b - fatigue sensitivity coefficient from a linear regression curve fit to the S - N data.
Assuming a linear S - N curve on the semi - log plot, yields the equation,
S/So=1-blog N, whereS is the maximum stress, S, is the single cycle strength
and N is the total cycles to failure.

be - Slope of the compressive fatigue (R = 10) trend line on a semi - log graph
(compressive fatigue sensitivity coefficient)

br - Slope of the tensile fatigue (R = 0.1) trend line on a semi - log graph
(tensile fatigue sensitivity coefficient)

b - Slope of the reversed loading (R = -1) fatigue trend line on a semi - log graph
(completely reversed loading fatigue sensitivity coefficient)
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- Epoxy matrix material is used in the composite

- Polyester matrix material is used in the composite

- Vinyl ester matrix material is used in the composite
- Sample statistical standard deviation

Some of the fatigue data and the testing procedures followed to produce this database

were discussed in the following reports:

1.

Mandell, J.F., Reed, R.M. Jr. and Samborsky, D.D., “Fatigue of Fiberglass Wind
Turbine Blade Materials”, Contractor Report SAND92-7005, Sandia National
Laboratories, Albuquerque, NM (1992). [www.Sandia.gov/Library.htm]

Mandell, J.F., and Samborsky, "DOE/MSU Composite Material Fatigue Database:
Test Methods, Materials, and Analysis", Contractor Report SAND97-3002, Sandia
National Laboratories, Albuquerque, NM (1997).[www.Sandia.gov/Library.htm]

Mandell, J.F., Reed, R.M., and Samborsky, D.D., “High Cycle Fatigue of Wind
Turbine Blade Materials,” in SED-Vol 12, Wind Energy 92, P.S. Veers, S.M. Hock,
eds., ASME, New York, p. 105 (1992).

Mandell, J.F., Reed, R.M. Jr., Samborsky, D.D., and Pan, Q., “Fatigue Performance
of Wind Turbine Blade Materials,” in SED-Vol 14, Wind Energy 93, S. Hock, ed.,
ASME, New York, 191-198. (1993).

Mandell, I.F., Creed, R M. Jr., Pan, Q., Combs, D.W., and Shrinivas, M., “Fatigue
of Fiberglass Generic Materials and Substructures” in SED-Vol 15, Wind Energy 94,
W.D. Musial, S.M. Hock and D.E. Berg, eds., ASME, New York, pp- 207-213
(1994).

Mandell, J.F., Combs, D.E., and Samborsky, D.D., “Fatigue of Fiberglass Beam
Substructures”, Wind Energy 1995, W.D. Musial, S.M. Hock, and D.E. Berg, Eds.,
SED-Vol. 16, ASME, 99 - 106 (1995).

Samborsky, D., and Mandell, J.F., “Fatigue Resistant Fiberglass Laminates for Wind
Turbine Blades,” Wind Energy 1996, ASME, 46-51 (1996).

Sutherland, H.J., and Mandell, J.F., “Application of the U.S. High Cycle Fatigue
Database To Wind Turbine Blade Lifetime Predictions” Wlnd Energy 1996, ASME,
pp. 78-84 (1996).

Mandell, J.F., Samborsky, D.D., and Cairns, D.S., “Advanced Wind Turbine Blade

Structure Development Program at Montana State University,” Wind Energy 1997,
ASME/AIAA, 189-196 (1997).
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Samborsky, Daniel D., “Fatigue of E-Glass Fiber Reinforced Composite Materials
and Substructures,” Civil Engineering Masters Thesis, Montana State University,
December 1999.

Cairns, D.S., Mandell, J.E., Scott, M.E., and Macagnano, J.Z., “Design
Considerations for Ply Drops in Composite Wind Turbine Blades” Wind Energy
1997, ASME/AIAA, pp. 197-208. (1997).

Cairns, D. S., Haugen, D. J., Mandell, J. F., and Samborsky, D. D., “Fracture of
Skin/Stiffener Intersections in Composite Wind Turbine Structures,” Wind Energy
1998, ASME/AIAA, pp. 334 - 343. (1998).

Mandell, J. F., Samborsky, D. D., Combs, D.W., Scott, M.E., and Cairns, D. S,
“Fatigue of Composite Material Beam Elements Representative of Wind Turbine
Blade Substructure”, NREL Contractor Report SR-500-24379, November 1998.

Mandell, J. F., Samborsky, D. D., Scott, M.E., and Cairns, D. S, “Effects of
Structural Details on Delamination and fatigue Life of Fiberglass Laminates,” Wind
Energy 1998, ASME/ATAA, pp. 323 - 327. (1998).

Samborsky, D. D., Mandell, J. F., and Cairns, D. S, “Selection of Reinforcing
Fabrics for Wind Turbine Blades,” Wind Energy 1999, AIAA-99-0024,
ASME/ATAA, (1999).

Cairns, D.S, McKittrick, L., Rabern, D., Vanluchene, D., Mandell, J.F., “Design and
Manufacturing Synthesis of Composite Wind Turbine Blades”, Wind Energy 1999,
ASME/AITAA, (1999).

Mandell, John F., Samborsky, Daniel D., Sutherland, Herbert J., “Effects of Materials
Parameters and Design Details on the Fatigue of Composite Materials for Wind
Turbine Blades”, 1999 European Wind Energy Conference, 1-5 March 1999, Nice,
France, pp. 628-633.

Mandell, J. F., Samborsky, D. D., Li, Mei, Orozco, Ricardo, and Cairns, D. S,
“Selection of Fiberglass Matrix Resins for Increased Toughness and Environmental
Resistance in Wind Turbine Blades,” Wind Energy 2000, ASME/AIAA, (to be
published).

Glass fabrics used in this database were obtained from the following companies:

Brunswick Technologies Inc., 43 Bibber Parkway, Brunswick, Maine, 04011
CollinsCraft Composites Group Inc., 1857 Westminster Hwy. Walhalla, SC, 29691.
Owens Corning Fabrics (Knytex). 1851 South Seguin St., New Braunfels, Texas, 78130.




282

Table 1. Lay-up of Commercial Fiberglass Materials

Material Vp.% _PIy _ Matrix Fabric Description
Configuration
A 30 [0]5 P 407 g/m20's, AlO12, CoRezyn 63-AX-050 polyester
B 30 [0], \% 407 g/m20's, A1012, Hetron 922L-25 Vinyl ester
F 36 [(x45/0)3s P 1,152 g/m2Triax (48%-0's)
Center two plies dropped off (6 plies-» 4 plies),
G 36 [(0/x45)3s P CoRezyn 63-AX-050 polyester resin
H 39 [(x45/0)3s P 1,081 g/m2Triax (70%- Os, 30%- +45's),
Hexcel XH120, Center two plies have
J 43 [(07£45)3s P butt joint (6 plies -» 4 plies)
L 50 [0]3 P Os - A260's
M 38 [0/+45]4 \Y 747 g/m2Triax (50%-0's)
N 36 [0/+45]4 P
P 36 [(0/£45)/M/Q]s \Y 747 g/m2Triax (0/+45), 203 g/m2Mat(M),
0's -A260 (69%-0's)
R 32 [0/+45]4 P Os - DN105, 45 - DB 120 (47%-0's)
30 [0/+45]5 P Folded edge Triax (CDB200), CoRezyn 63-AX-051
polyester resin
U 29 [0/+45]5 P Cut edge Triax (CDB222), CoRezyn 63-AX-051
polyester resin
\% 32 [0/+45]3 P Folded edge Triax (CDB222),CoRezyn 63-AX-051
polyester resin
w 33 [0/+45]5 P Cut edge Triax (CDB200), CoRezyn 63-AX-051
polyester resin
35 [02M/+45/02 P 85%-0's (A260), 10%-+45's (407 g/m2),
5%-Mat(M) (203 g/m2)
39 [02M/+45/02 E
EE 54 [M/+45/0]s E 65%-0's, 18%-45's, 17%-Mat
EEAV 48 [M/+45/0]s \% 71%-0's, 18%-45's, 11%-Mat
EEAP 49 [M/+45/0]s P 70%-0's, 19%- 45's, 11%- Mat
EEBP 43 [M/+45/0]s \% 57%-0's, 26%- 45's, 17%- Mat
EECP 49 [M/+45/0]s \% 65%-0's, 20%- 45's, 15%- Mat

Matrix Abbreviations: E -Epoxy, P -Polyester, VV-Vinyl ester
Materials EE, EEAV1EEAP, EEBP and EECP were obtained from a production wind turbine blade.
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Table 2. Lay-up of MSU Manufactured (RTM) Fiberglass Materials

Material  V,, % Ply Configuration Matrix Fabric Description
AA 35 [(£45/0)3 T45/0)7 P CDB-200 Triax
AA2 40 [(0/+45)2s P CDB-200 Triax
AA3 51 [(£45/0)3s P CDB - 200 Triax
AA4 38 ((*45/0)2s P TV-3400 Triax (BTI)
BB 42 [+45/02+45]s P 0s-A 130 (62%), 45's-DB120
cC 39 [+45/02+45]s P 0s-D100 (55%), 45's-DB120
cc2 45 [+45/03+45]s P O's-DIOO (63%), 45's-DB120
CC3 45 [0/+45/02+45]s P 0Os-D100 (63%), 45's-DB120
CH 45 [(£45)3s P 45's-DB240
CH2 41 [£45/0/+45]s P Os-D 155 (24%), 45's-DB240
CH3 36 [£45/0/+45]s P Os-D 155 (24%), 45's-DB240
CH4 40 [(£45)3s P 45's-DB120
CH5 28 [(£45)3s P 45's-DB 120
CH6 49 [£45/0/+45]s P Os-D 155 (39%), 45's-DB 120
CH7 55 [(£45)3s P 45's-DB400
CH8 39 [(£45)3s P 45's-DB400
CH9 49 [(£45)3s P 45's-DB 120
CHIO 33 [(£45)3s P 45's-DB240
CHII 54 [(£45)3s P 45's-DB240
CH12 34 [£45/0/+45]s P Os-D 155 (39%), 45%-DB 120
CH13 48 [£45/0/+45]s P Os-D 155 (24%), 45's-DB240
CH14 44 [+45/0/+45]s P Os-D 155 (39%), 45's-DB 120
CH15 32 [+£45/0/+45]s P 0's-D092 (28%), 45's-DB 120
CH16 40 [£45/0/+45]s P 0's-D092 (28%), 45's-DB 120

Matrix Abbreviations: E -Epoxy (Epon 9410), E2 -Epoxy (SC14), P -Ortho-polyester (COR63AX051),
P2 -Iso-polyester (COR75AQ010), V-Vinyl ester (Derakane 411C), V2 -Vinyl ester (Derakane 8084)

Owens Coming Fabrics: A060-206 g/m2, A130 - 444 g/m2, CM1701 - 587 g/m2 D072 - 230 g/m2,
D092 - 310 g/m2,DIOO- 339 g/m2, D155 - 527 g/m2, DB 120 - 393 g/m2, DB240 - 837 g/m2, DB400 -
1349 g/m2, DBM1204B - 420 g/m2 CDB200 (Triax) - 759 g/m2(uses D092 and DB 120 fabrics),

BTI Fabrics - TV3400 (triax) - 1150 g/m2,

CollinsCraft Fabrics - AIOIO - 351 g/m2, UCIOIO - 424 g/m2, UC1018/V (polyester veil) - 644 g/m2,
UC1018/GV (glass veil)- 678 *m 2
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Table 3. Lay-up of MSU Manufactured (RTM) Fiberglass Materials

Material ~ Vp.% Ply Configuration Matrix Fabric Description
CH17 48 [+45/0/+45]s P 0's-D092 (28%), 45's-DB120
CH18 47 [+45/0/+45]s P 0's-D092 (16%), 45's-DB240
CH19 33 [+45/0/+45]s P 0's-D092 (16%), 45's-DB240
CH20 25 [(£45,)]s P 45's-DBM1204B
CH23 32 [+45/0/+45]s P 0's-D 155 (39%), 45's-DBM1204B
DD 49 (0/+£45/0/+45/0) P Os-D 155 (76%), 45 S-DB120
DD2 42 (0/£45/0)s P
DD2A 42 (0/£45/0)s P
DD4 50 (0/£45/0)s P
DD5 38 (0/£45/0)s P
DDSE 36 (0/+45/0)s E 0's-D 155 (72%), 45's-DB 120
DD5P 36 (0/£45/0)s P
DD5V 36 (0/+45/0)s \%
DD5V2 35 (0/£45/0)s V2
DD6 3 (0/£45/0)s P
DD7 54 (0/£45/0)s P
DD8 42 (0/+45/0)s P
DD9 54 (0/£45/0)s P Q‘s-D 155 _(72%), 45's-DB 120
All fabric weft stitching thread was removed
DDIO 62 (0/£45/0)s P
DD8A 42 (0/+45/0)s P 0's-D 155 (no weft stitching thread), DB 120
DD8B 42 (0/£45/0)s P Os-D 155 (no stitching), DB 120 (no stitching
between +45 and -45 plies)
DDII 3 (0/+45/0)s P
DDIIA 31 (£45/04t45) P 0s-A130 (68%), 45's-DB 120
DD12 43 (0/£45/0)s P
DD13 50 (0/£45/0)s P
DD14 35 (0/£45/0)s P 0'S-CM1701 (72%), 45'S-DB 120
DD15 25 (0/+45/0)s P

Matrix Abbreviations: E -Epoxy (Epon 9410), E2 -Epoxy (SC14), P -Ortho-polyester (COR63AX051),
P2 -1so-polyester (COR75AQ010), V-Vinyl ester (Derakane 411C), V2 -Vinyl ester (Derakane 8084)

Owens Coming Fabrics: A060-206 g/m2, A130 - 444 g/m2, CM1701 - 587 g/m2 D072 - 230 g/m2, D092
- 310 g/m2, DIOO - 339 g/m2, D155 - 527 g/m2, DB120 - 393 g/m2, DB240 - 837 g/m2, DB400 - 1349
g/m2, DBM1204B - 420 g/m2 CDB200 (Triax) - 759 g/m2(uses D092 and DB 120 fabrics),

BTI Fabrics - TV3400 (triax) - 1150 g/m2,

CollinsCraft Fabrics -A1010-351 g/m2, UCIOIO- 424 g/m2, UCIOI8/V (polyester veil) - 644 g/m2,
UC1018/GV (glass veil)- 678 g/m2
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Table 4. Lay-up of MSU Manufactured (RTM) Fiberglass Materials

Vp,%  Ply Configuration  Matrix Fabric Description
DD16 36 (90/0/+45/0)s P 0s-D 155 (53%), 90's-D155 (26%)
45's-DB120 (21%)
DD17 37/52 (0/£45/0)s P Os-D 155 (72%), 45's-DB120
Has surface indentation (flaw)
DD17A  35/44 (0/£45/0)s P 0Os-A 130 (68%), 45's-DB120
Has surface indentation (flaw)
DD18 34/40 (0/£45/0)s P O's-D155 (72%), 45's-DB120
Has center flaw, one 90° (D155) tow
DD18A  36/43 (0/+45/0)s P 0's-D155 (68%), 45's-DB120, Has center flaw,
one 90°(D155) tow across width
DD19 34/47 (0/£45/0)s P 0's-D 155 (72%), 45's-DB120, Has center flaw,
two 90° (D155) tows across width
DD19A  36/50 (0/£45/0)s P 0's-A130 (68%), 45 S-DB120, Has center flaw,
two 90°(D155) tows across width
DD19B  36/50 (0/+45/0)s P 0Os-A 130 (68%), 455-DB120, Has centered 8
mm X 19 mm flaw (two 0°(D155) tows)
DD20 34 [02+45/0]s P Os - Collins Craft AIOIO (73%), 45°s -DB120
DD20A 37
DD22 30 [02+45/0]s P 0’s- D092 (70%), 45's- DB 120 (30%)
DD23 38 [0/+45/0/0%]s P 0’s - D155, 0*-carbon, 45’s DB 120
DD24 39 (0/+45/03+45/0) P 0’s - CollinsCraft UC1010V, 45’s -DB120
(70% Os)
DD25 45 (0/£45/0)s P 0’s - CollinsCraft UC1018GV, Glass veil,

45’s -DB120 (76%0's)

DD25A 48 (0/+45/0)s P 0’s - Collins Craft UC1018V, Polyester veil,
45’5 -DB120

DD25B K1 (0/£45/0)s P (76% Os)

DD25D  35/45 (0/£45/0)s P Same as DD25A, Surface Indentation

DD26 50 (0/£45/0)s P 0’s - Collins Craft UC1018V, Polyester veil,

45’s -DB120, with a different general purpose
polyester binder. (76% 0's)

Matrix Abbreviations: E -Epoxy (Epon 9410), E2 -Epoxy (SC14), P -Ortho-polyester (COR63AX051),
P2 -1so-polyester (COR75AQ010), V-Vinyl ester (Derakane 411C), V2 -Vinyl ester (Derakane 8084)

Owens Coming Fabrics: A060-206 g/m2, A130 - 444 g/m2, CM1701 - 587 g/m2 D072 - 230 g/m2,
D092 - 310 g/m2, DIOO - 339 g/m2, D155 - 527 g/m2, DB 120 - 393 g/m2, DB240 - 837 g/m2, DB400
* 1349 g/m2, DBM1204B - 420 g/m2 CDB200 (Triax) - 759 g/m2(uses D092 and DB 120 fabrics),

BTI Fabrics - TV3400 (triax) - 1150 g/m2,

CollinsCraft Fabrics - AIOIO - 351 g/m2, UCIOIO - 424 g/m2, UC1018/V (polyester veil) - 644 g/m2,
UC1018/GV (glass veil)- 678 g/m2
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Table 5. Lay-up of MSU Manufactured (RTM) Fiberglass Materials

Material Vp.%  Ply Configuration — Matrix Fabric Description

FFA 38 (+45/0/0/+45)s P

FFB 38 (07+45/0/245)s P Os-D155 (56%), 45's-DB120 (44%)

FFC 38 (0/£45/%45/0)s P

FFD 38 (0/0/+45/+45)s P

FFF 38 (+45/+45/0/0)s P

GG 40 (02+45/02) P Os-D 155 (84%), 45's-DB120 (16%)
ROV2 30 (0/90), P 0/90, 600 g/m2 balanced construction
ROV3 40 (0/90), P 0/90, 814 g/m2 balanced construction
ROV4 53 (0/90)« P 0/90, 814 g/m2 balanced construction

Matrix Abbreviations: E -Epoxy (Epon 9410), E2 -Epoxy (SC 14), P -Ortho-polyester (COR63AX051),
P2 -1so-polyester (COR75AQ010), V-Vinyl ester (Derakane 411C), V2 -Vinyl ester (Derakane 8084)

Owens Coming Fabrics: A060-206 g/m2, A130 - 444 g/m2, CM1701 - 587 g/m2 D072 - 230 g/m2,
D092 - 310 g/m2, DIOO - 339 g/m2,0155 - 527 g/m2, DB 120 - 393 g/m2, DB240 - 837 g/m2, DB400 -
1349 g/m2, DBM1204B - 420 g/m2 CDB200 (Triax) - 759 g/m2(uses 0092 and DB 120 fabrics),

BTI Fabrics - TV3400 (triax) - 1150 g/m2,

CollinsCraft Fabrics -A1010-351 g/m2, UCIOIO - 424 g/m2, UC1018/V (polyester veil) - 644 g/m2,
UCIOI8/GV (glass veil)- 678 g/m2
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Table 6. Lay-up of MSU Manufactured (RTM) Unidirectional Fiberglass Materials

Material (fabric) Vp,% Ply Configuration Matrix Fabric Description
A060 4 [0lio P 0's - A060 (100%)
A130 45 [0, P

AL30C - o1, b 0's - A 130 (100%)
A130G 55 [0] P
A260 35 [0]4 P Os - A260 (100%)
CM1701 38 [0]6 P 0's - CM1701A (100%)
D072A 36 [0]io P Os - D072 (100%)
D092 45 [0Jio =
D092B 4 [0]8 P
D092D 30 [0]7 P Os - DG92 (100%)
D092F 50 [0lio P
D092G 58 [0]9 P
D155 45 [0]6 P
D1538 3 [0, P 0's-DI 55 (100%)
D155C 51 [0]7 P
D155G 59 [0]8 P
D155H 49 [0]7 P Os-D 155 (100%)
D155] 58 [0]6 p All fabric weft stitching removed
D155K 33 (o1 P Os-D 155 (100%)

Matrix Abbreviations: E -Epoxy (Epon 9410), E2 -Epoxy (SC14), P -Ortho-polyester (COR63AX051),
P2 -I1so-polyester (COR75AQ010), V-Vinyl ester (Derakane 411C), V2 -Vinyl ester (Derakane 8084).

Owens Coming Fabrics: A060-206 g/m2, A130 - 444 g/m2, CM1701 - 587 g/m2 D072 - 230 g/m2,
D092 - 310 g/m2, DIOO - 339 g/m2, D155 - 527 g/m2, DB 120 - 393 g/m2, DB240 - 837 g/m2, DB400 -
1349 g/m2, DBM1204B - 420 g/m2 CDB200 (Triax) - 759 g/m2(uses D092 and DB 120 fabrics),

BTI Fabrics - TV3400 (triax) - 1150 g/m2,

CollinsCraft Fabrics - AIOIO - 351 g/m2, UCIOIO - 424 g/m2, UC1018/V (polyester veil) - 644 g/m2,
UC1018/GV (glass veil)- 678 g/m2
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Table 7. Lay-up of MSU Manufactured (RTM) Fiberglass Materials with Symmetric Angle Plies

Material Vp.%  Ply Configuration  Matrix Fabric Description
10D155 38 [+10]3 P
20D155 39 [£20]3 P
30D155 40 [£30]3 P
40D155 40 [+40]3 P
45D155 38 [+45]3 P
50D155 39 [+50]3 P
60D155 40 [+60]3 P
70D155 40 [+70]3 P D155 (100%)
fabric orientated to balanced angles
80D155 38 [80]3 P
90D155 38 [£90]3 P
45D155P2 40 [+45]3 P2
45D155V2 39 [+45]3 V2
45D155V 40 [+45]3 \Y
90D155Vv2 38 [£90]3 V2
90D155V 40 [£90]3 \
90D155E2 38 [£90]3 E

Matrix Abbreviations: E -Epoxy (Epon 9410), E2 -Epoxy (SC14), P -Ortho-polyester (COR63AX051),
P2 -1so-polyester (COR75AQ01Q), V-Vinyl ester (Derakane 411C), V2 -Vinyl ester (Derakane 8084)

Table 8. Lay-up of MSU High Cycle Materials

Material vp,%  Ply Configuration Matrix Fabric Description
Longitudinal  48-52 (0)2 CoRezyn 0's-D155(100%)
63-AX-051

Transverse 38 (90), Polyester 90's-DIOO (100%)
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Table 9. Fatigue Summary Properties of Commercial Materials

R= 10 R=0I
vF UCS1 bc strain for UTs, bT strain for E1GPa
Material % MPa 106cycles, MPa 106cycles,
% %

A 30 -313 - - 566 0.111 0.87 215
B 30 -287 - - 581 0.135 0.99 21.0
F 36 -364 - - 357 0.130 0.48 17.2

G 36 -258 - - 361 0.129 0.45 19.3
H 37 -435 0.10 -0.72 513 0.114 0.52 240

J 37 -410 - - 440 0.118 0.52 24.2

L 50 -407 - - 742 0.135 0.70 33.6
M 38 -286 - - 516 0.141 0.40 20.7
N 36 -318 0.096 -0.70 468 0.140 0.46 19.3
NT 40 -131 - - 87 0.100 0.43 8.1
P 40 -466 0.094 -0.66 667 0.134 0.48 22.5

R 31 -330 - - 441 0.104 0.98 16.5
T 28 -290 - - 365 0.116 0.65 177
] 29 -354 - - 372 0.138 0.36 21.2
\Y 32 -379 - - 374 0.133 0.43 20.0
w 33 -336 - - 341 0.116 0.64 19.3
X 35 -438 0.070 -1.00 612 0.091 1.05 254
XT 35 -159 - - 43 0.110 0.23 8.3
Y 39 -454 0.059 -1.00 626 0.102 0.97 25.0
YT 39 -107 - - 34 0.106 0.17 7.0
EE 55 -538 - - 543 0.132 0.60 314
EEAV 49 -645 0.077 -1.30 583 0.100 0.75 28.2
EEAP 48 -729 0.088 -1.25 511 0.101 0.82 29.0
EEBP 43 -417 - - 515 0.100 0.75 26.6

EECP 49 -419 526 0.100 0.70 28.3
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Table 10. Laminate Analysis Input Properties for E - Glass fabrics used in the MSU RTM composites
(static longitudinal, transverse and simulated shear properties).

Longitudinal Direction Transverse Direction
Elastic Constants Tension ~ Compression Shear  Tension  Compression

Fabric lay-up vp Er Er s Gt UTSI ., UCSI g+ UTSt gB UCSt [y
% GPa GPa GPa MPa % MPa % MPa MPa % MPa %

A130 [oj, 45 363 876 032 348 858 253 -334 -092 8.3 338 039 -933 -1.05
D092 [o]io 45 353 876 031 415 959 298 -773 -219 141 383 044 -133 -152
D155 o6 45 350 899 031 410 987 283 -746 -2.02 977 272 032 -123 -167
DB 120* 016 44 266 752 039 412 610 249 551 -208 849 249 033 -114 -2.00
DB240* o, 46 310 734 035 374 697 267 -528 -174 687 197 027 -122 -169
0/90ROV* [0/90]7 46 239 239 026 408 382 227 -223 -093 991 382 227 -223 -0.93

Notes: All coupons for this Table were tested at 0.25 mm/s, with a 100 mm gage length. Compression tests
used a 13 mm gage length with unsupported edges.

E1 - Longitudinal modulus

ULT- Poisson’s ratio

Grtand Teu - Shear modulus and ultimate shear stress from a simulated shear (+45) ASTM D3518 test.
UTSI - Ultimate longitudinal tensile strength

Eu - Ultimate tensile strain

UCSI - Ultimate longitudinal compressive strength

Eu - Ultimate compressive strain. Coupons had a 13 mm gage length.

* DB 120 and DB240 fabrics were separated into a +45° and a -45° orientation and then rotated to O degrees
to form a unidirectional material. The reasoning behind the testing of the DB 120 and DB240 fabrics is that
the fabric stitching operation causes a noticeable waviness in the fabric. If the properties of straight fiber tows
are used to model the 45 directions, the calculated values would be extremely high than what actually would
be present because of this waviness. The 0°/90° ROV material was tested as a balanced 0°/90° fabric.
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Table 11. Physical 3-D Constants of Material D155, V£= 36 and 44%.

Property ad
test plane

H, GPa
(LT plare)
H, GPa
(LZplare)
Er, GPa
(TZplare)
Ez, GPa
(ZX plare)
NUK
NUE
NUiz
At,GPa
Gz, GPa
Gz, GPa

Property ad
test plare

H,GPa
(LT plare)
H,GPa
(LZ plare)
EriGPa
(TZ plare)
EziGPa
(ZX plare)
NUIe
NUiz
NUiz
Adt, GPa
Qz,GPa
Gz, GPa

Shear properties determined b) V-notched beam (ASTM 5379)

Physical Constants of Material D155, Vi= 3%

Test Values Average
28.1,27.0, 208 283
280,283 276 280
8.00, 7.31,7.93 7.75
7.10, 7.65,7.38 7.38

0.329, 0.320, 0.301 0.32
0.305,0.338, 0.331 033
0.466, 0.395, 0.449 0.44
3.31,3.35,3.23 330
303,272,270 2.82
2.78,3.12, 176 255

Physical Corstants of Viterial D155, VF=44%

Test Values Average
319, 354, 336 336
A5 343 A5 A4
814, 896, 7.52 82l
7.58, 8.00, 800 7.86

0.289, 0.291,0.290 029
0.302, 0.314, 0.308 031
0.373,0.371,0.366 0.37
576,394, 374 4.48
388,440, 307 378
2.96, 2.70, 2.20 2.62

<d2®31

sd

14
04
0.38
0.28

001
0.02
0.04
0.06
019
071

sd.
18
01
0.72
0.24

001
001
001
n
0.67
0.39
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Table 12. Physical 3-D Strengths of Material D155, V£= 36 and 44%.

Property ad
test plane

UTSI, MPa
(LT plare)
UTSI, MPa
(LZplare)
UTSt, MPa
(TZplare)
UTSz, MPa
(ZT plare)
UTSz, MPa
(ZLplare)
MPa
MPa

NZ MPa

Property and
test plare

UTSI, MPa
(LT plare)
UTSy MPa
(LZ plare)
UTSt, MPa
(TZ plare)
UTSz, MPa
(ZT plare)
MPa
Tjz MPa

~1Zi MPa

Shear properties determined b) \V-notched beam (ASTM 5379)

z

Strengths of Meterial D155, ViF= 36%

Test Values Average
891,814, 883, 838 856
679, 672, 685, 646 671

26.6, 36.0, 304, 329, 290 3L0

217, 187,204, 181 197

194, 17.7, 2.3, 17.1, 152 184

9.1, 821,788 8.3

796, 77.3,77.1,63.2 74.3

199, 176, 120 165

Strengths of Material D155, VF=44%

Test Values Average

991, 1000, 1045 1012

881, 855, 8%6 877

33.3,29.3, 286, 32.1,29.7 30.6

120, 134, 134, 123 128

675 79.1, 731 732

75.0, 66.2, 70.8 70.7

136, 17.0,20.1 169

sd
37
17
36
16
27

8.7
75
4.0

sd

20
0.7

58
44
33
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Table 13. Fatigue Summary Properties of MSU (RTM) Manufactured Materials

VF
%

ERBEEBE&GEEEGS

EBERILBBEBS

R=10
b=

293

strain for
IGBeycles,
%

UTS,
MPa

452
478

S|

BEREE8EBEHEEsRBEEE

o1/

R=01

br

0.140
0.140
0.105
0131

0121
0.118
0112
0.104
0127
0112
0.124
0123
0139
0.110
0113
0133
0.108
0114
0.09
0138
0134

strain for
IGBeycles,

%
050
0.40
0.67
0.80
0.80
0.79
0.85
0.46
0.65
0.64
048
0.54
050
0.27
0.38
051
058
0.38
094
048
0.75

B GPa

188
252
204
252
nr
217
26.6
263
136
16.7
168
14
85
215
170
100
103
81
134
174
232
210
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Table 14. Fatigue Summary Properties of MSU (RTM) Manufactured Materials

R=10 R=01
v UGS ke sranfor  UTS, bT sranfor E GPa
Meterid % MPa IBOdlesl  MPa IGBcycles,
% %

CHI5 32 345 0.100 -1.02 309 0.103 0.85 148
CH16 40 -309 0.085 -0.80 360 0.129 0.68 185
CHLY 48 -01 0.079 0% 39 0.139 040 176
CHI8 47 -298 0.105 0.74 29 0.129 0.50 172
CH19 3 -252 0.122 -0.65 1983 0.102 0.70 119
CH20 5 -230 - - 133 0.118 0.38 109
CH23 32 -448 0.106 -0.90 A 0.140 040 185
DD 49 -788 - - 910 0.135 0.60 3L3
DD2 42 581 0.079 -1.15 752 0.110 0.9%5 270
DD2A 42 - - - 986 0.122 0H 280
DD 50 H1 - - 886 0.136 055 310
DD5 33 534 - - 724 0104 115 252
DD5E 36 521 0.056 -1.42 674 0.110 120 236
DD5P K4) -574 0.072 -1.35 66l 0.101 116 24.2
DD5PT %) -148 - - 66 0.100 0.30 8.80
DD5V 36 -530 0.057 -1.48 675 0.102 111 23.7
DD5V2 35 -605 0.064 -1.66 787 0.102 130 23
DD6 3l -505 0071 -140 605 0.100 115 211
DD7 ! 581 0.072 -1.03 832 0.147 040 320
DD8 42 -582 - - 778 0.102 0.90 2711
DD9 A -556 - - Q07 0.137 0.46 A6
DDIO 62 -552 0.053 -0.90 956 0.143 035 425
DDl 3 -319 0.090 -0.70 592 0.100 120 200
DDIIA 3 -350 - - 604 - - 195
DD12 43 -302 - - 123 0114 0.8 26.4
DD13 50 -314 0.04 -045 &1 0.130 0.80 25



Table 15. Fatigue Summary Properties of MSU (RTM) Manufactured Materials

\h%

5

25

36
31/52
35/44
34/40
36/43
34/47
36/30

&2&&8888%&2%

3

55 8EBB8BYS

UCS
MPa

428
428
418

R=10
ke

0.082
0.074

0.073
0.079

295

strain for
IGBeycles,
%

0.9%
063

0.9%
-0.66

UTs,
MPa

728

672
782

730
700
710
661
87

%49

BIRREBEY

716

R

624

2 8

970

8 R 8

R=0I
o]}

0133
0.120
0.148
0121
0.116
0.120
0129
0.140
0134
0.137
0.140
0.100
0.092
0115
0.126
0121
0.102
0.123
0121
0.123
0112
0121
0.120
0.123
0.116
0.110
0.120
0.150

sgranfor E GPa
IGBeycles,
%

0.60 51
0.103 182
045 23
0.80 234
100 226
0.9 2.7
0.75 220
0.60 232
0.70 245
050 22
055 255
113 196
106 214
0HA 239
0.65 281
0.75 285
103 193
058 220
0.85 0.0
0.80 24.2
0.80 234
0.79 229
083 231
0.80 239
110 280
0.72 215
0.65 209
035 26.7
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Table 16. Fatigue Summary Properties of MSU (RTM) Manufactured Unidirectional Materials

IVeterial

A130C

A260A
CML/01
DO72A
D092B
D092D
DO92F
D092G
D1558

D155H
D155J
D155K

RBEBR2BEEB8EYBREARAE =SS

R=10

ke

0.062

0.084
0.075

0.085
0.077

0.057

strain for 136
cycles, %

-0.70

UTs,
MPa

5719
728
1208
776

B8 88

1112
1163

1187
1314
1121
1142

R=01
bj strainfor 1G5
cycles, %
0.0 0.80
0.091 110
0133 0.70
0.090 11
0.126 0.64
0.106 104
0.104 103
0.090 125
0121 0.70
0132 0.60
0.102 112
0.120 0.90
0.138 0.64
0.09 107
0.108 0.80
0.114 0.98

E,
GPa

314
316
444
3L1
305
283
38
254
408
445
315
389
470
383
479
281



297

Table 17. Fatigue Summary Properties of MSU Manufactured (RTM) Fiberglass Materials with
Symmetric Angle Plies

R= 10 R=0I
Angle of VPR6  UCS be strain for ~ UTS, bT strain for E, ey
D155 fabric MPa 106%>/cle5, MPa IOG%ycIes, GPa
() %

D155B (0) 39  -653 0.077 -1.10 854 0.093 112 315 0.32
+10 38 -384 - 277 0.068 0.62 279 038
120 39  -287 - - 268 0.079 0.55 242 0.56
+30 40 -176  0.065 -0.48 186  0.098 0.43 17.7  0.67
+40 40  -132  0.095 -0.50 144 0.109 041 114  0.62
+45 38 -138 0.089 -0.65 107 0.109 0.40 9.79 0.7
+50 39 -138 0.085 -0.78 65 0.092 0.38 8.62 051
+60 40 -141  0.081 -0.94 37 0.074 0.25 7.65 0.35
+70 40  -136 - 27 0.076 0.19 724 021
+80 38  -153 - - 26 0.087 0.17 716 0.10
90 38  -123  0.062 -1.07 26 0.081 0.19 724 0.09

+45V2 36 -149 0.085 -0.71 136 0.119 0.45 103 0.57
+45p2 40  -160 - - 96 0.109 0.35 114 056
+45V 40  -154 - - 121 0.110 0.40 107 —
90Vv2 38 171 - - 54 0.107 0.21 885 —
90V 40  -167 - - 49 0.108 0.18 103 —
90E2 38 -152 - - 40 0.110 0.18 728 —

Matrix Abbreviations: E -Epoxy (Epon 9410), E2 -Epoxy (SC14), P -Ortho-polyester
(COR63AX051), P2 -l1so-polyester (COR75AQ010), V-Vinyl ester (Derakane 411C),

V2 -Vinyl ester (Derakane 8084).

All R = 10 test coupons were 25 mm wide with a 13 mm gage length and unsupported edges.

Table 18. Fatigue Summary Properties of R = -1 Tested Materials

Material Vp,% AV} strain for 106cycles, % E, GPa
H 37 0.092 0.42 24.0
N 38 0.123 0.30 21.0
P 40 0.106 0.41 28.9
EEAV 48 0.100 0.70 28.2
AA 35 0.134 0.40 18.8
DD4 48 0.125 0.50 31.0
DD5E 36 0.109 0.65 23.6
DD5P 36 0.117 0.57 24.2
DD5V2 35 0.117 0.68 22.3
DDII 31 0.095 0.60 20.0
45D155 38 0.148 0.25 9.79

1No static test values were used in the linear regression curve fit.
All test coupons were 25 mm wide with a 13 mm gage length and unsupported edges.



Material

[0]2

[90],

DD5P
(0/+45/0)s

01
0.5

10

-0.5

0.1

0.5

10

0.1
0.5
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Table 19. Fatigue Summary Properties of High Cycle Materials

Vf
%

52'
48
52
48
52
48

38

36

1The [0]2 R = 0.1 test coupons were thickness tapered,

UTS,
MPa

1470
1357
1390

1470
21
22

661

UCS,
MPa

-584
-789
-789
-716

-117
-116

-574

strain for 106
cycles, %

0.90
1.36
0.55
-0.90
-1.3
0.65
0.14
0.16
0.08
-0.70
-0.95
115
1.30
0.62

strain for 108
cycles, %

0.67
1.00
0.40
-0.80
-1.20
0.52
0.12
0.13
0.07
-0.62
-0.80
0.73
1.06
0.45

which increased the fiber volume in the gage length to 67%

E;
GPa

46.2
39.2
39.2
35.7
354
40.2
8.62
8.70
8.80
9.00
9.00

23.6
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SUMMARY OF COMMERCIAL MATERIAL FATIGUE TESTS
MATERIAL A
Lay-up=[0]5 V=0.30, Awe. thickness =3.68 nm S.D. =0.13 nm Polyester

TEST & MAX. R Q E e CYCLES  WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes

5 105A 125 01 10 1,996,768 25 tab
6 108A 190 0.1 5 - — 593,319 25 tab
7 1I0A 335 01 | — - 674 25 tab
23 1A 279 0.1 5 20.0 1.40 17,700 50 tab
25 112A 212 01 10 22.3 138,596 50 tab
30 121A 591 N 13 22.4 2.83 | 25 tab
3l 120A 567 13 19.9 2.82 | 25 tab
32 119A 538 * 13 20.4 2.64 | 25 tab
36 114A 186 01 10 21.0 0.90 1,612,585 50 tab
37 113A 186 0.1 10 22.6 0.85 920,132 50 tab
97 137A 548 * 6 22.0 2.20 | 25 tab
98 136A 579 * 6 23.2 2.30 | 25 tab
180 138A -323 * 6 — - | 25 tab
181 139A -319 * 6 — - | 25 tab
182 140A -298 * 6 — — | 25 tab
The following tensile coupons in this mgterial were thickness tapered (versus standard ASTM D3039)
2914 301A 551 13 - — | 25 tab
2915 309A 552 * i J— — | 25 tab
2916 303A 611 * 13 - - | 25 tab
2917 305A 345 0.1 2 22.8 1.63 2,080 25 tab
2918 304A 345 0.1 2 25.8 1.44 1,244 25 tab
2919 308A 345 0.1 2 25.8 1.35 779 25 tab
2920 306A 276 01 4 22.4 1.23 19,034 25 tab
2921 31IA 276 01 4 24.0 1.12 38,474 25 tab
2922 307A 190 0.1 12 23.8 0.66 18,865,901 25 tab
2923 310A 207 0.1 12 28.9 0.72 3,000,000 25 R tab
2924 312A 276 0.1 5 22.2 1.20 21,100 25 tab
2925 316A 207 0.1 12 - - 8,266,515 25 tab
MATERIAL B
Lay-up =[0]5 V#=0.30, Ave. thickness = 345 nm S.D. =0.26 mm Vinylester
9 103B 370 01 | 218 2.06 2,584 5t
12 108B 267 01 5 25 121 9,173 5t
13 109B 328 01 5 209 160 2,640 St
15 1B 387 01 01 186 182 7 5t
16 112B 256 01 5 201 129 38,133 5t
17 1138 332 01 5 214 153 2841 St
18 1148 372 01 | 195 190 415 St
20 1168 1 01 5 19.2 16 3,008 St
2 107B 1 01 4 226 14 32,640 5tb
2 1178 229 01 10 - - 655,147 50 tab
24 118B A3 g.l | 16.3 212 9,81 50 tab
26 1198 571 13 223 263 | 5t



TEST & MAX. R Q E e CYCLES WIDTH
ISI,DAI\/LPLE STRESS Hz GPa % TO FAIL (mm)
MPa
. and Notes

27 123B 622 - 13 214 2.73 | 25 tab
28 124B 571 . 13 212 2.76 | 25 tab
29 1258 582 13 228 2.77 | 25 tab
33 120B 229 0.1 10 212 1.08 16,156 50 tab
34 121B 237 0.1 5 192 1.24 206,864 50 tab
35 1228 229 0.1 10 231 0.99 671,330 50 tab
38 126B 190 0.1 10 208 0.90 2,310,849 50 tab
39 1298 154 0.1 15 19.9 0.76 40,000,000 50 R tab
40 130B 188 0.1 10 226 0.79 7,475,243 50 tab
56 135B 187 0.1 10 223 0.84 2,720,584 25 tab
57 133B 152 01 5 217 0.70 37,906,456 25 R tab
58 1278 619 - %5 224 2.90 | 25 tab
2}1 137B 568 N 25 203 2.79 | 25 tab

138B 245 % — - | 25 tab
66 138B 343 01 | 20.9 164 6,085 25 tab
99 128B 560 6 19.9 2.82 | 25 tab
100 131B 559 : 6 24.4 2.29 | 25 tab
183 1398 -265 6 - — | 25 tab
184 140B -283 : 6 — — | 25 tab
185 141B 278 6 _— — | 25 tab
186 142B -303 * 6 — — I 25 tab
187 143B -307 * 6 — - | 25 tab
MATERIAL F

Lay-up = t(x45/0)3s, Vf= 0.36, Had two center triax plies dropped, Ave. thickness = 4.88 mm (thin), 7.24
mm (thick), S.D. = 0.13 mm (thin) 0.16 mm (thick), Polyester. Maximum stress and strain recorded on smallest
cross sectional area.

6 Plies 4 Plies

4 106F 370 " B 178 28 I 251t
4 106F 363 . B3 146 255 I 251
45 108F 339 B3 192 23 I 251
47 109F 1% 01 5 — 2689 St
49 101F 102 01 5 - — 95,101 N tab
al 104F 78 01 0 — — 1615838  S0tab
53 103F 78 01 0 — - 2487507  0tb
% HF 102 01 0 — - 108029 St
18 LF 3BT 06— | Bt
S S S - | B
191 122F -378 6 — — I Stb
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
MATERIAL G

Lay-up = [(0/+45)3s, VF= 0.36, Has two center triax plies dropped, Ave. thickness = 4.83 mm (thin), 7.26
mm (thick), S.D. =0.13 mm (thin) 0.17 mm (thick). Polyester matrix. Maximum stress, strain and modulus
were recorded on smallest cross sectional area.

6 Plies 4 Plies

42 105G 397 * 13 15.9 2.49 | 25 tab
43 106G 366 * 13 164 271 I 25 tab
46 108G 332 * 25 e I 25 tab
48 107G 190 0.1 5 - - 2,637 25 tab
50 101G 103 0.1 10 - - 69,052 50 tab
52 102G 77 0.1 10 - -— 1,669,945 50 tab
54 109G 103 0.1 10 - - 65,372 25 tab
67 1H0G 78 0.1 10 17.8 0.43 11,160,358 25 tab
107 104G 352 * 6 19.6 1.50 I 25 tab
108 105G 358 * 6 20.4 175 | 25 tab
Tests 1925 - 1927 used the smaller cross sectional area with no joint.

1925 200G 266 : 13 — - | 25 tab
1926 201G -228 . 13 — — | 25 tab
1927 202G -280 13 - -— | 25 tab

MATERIAL H

Lay-up = [(x45/0)3s, VF=0.39, Ave. thickness = 6.58 mm, S.D. = 0.4 mm, Had two center triax plies cut to
simulate a buttjoint. Polyester matrix. Stress, strain and modulus were recorded the on average cross sectional
area, no reduction multiplier was used to account for the center cut plies.

Butt Joint
59 101H 29 T X X8 24 | Btb
60 102H 597 % 188 2R |  Xtb
69 104H 172 01 5 252 068 45360 5t
Tests 71, 72, 73 and 74 cid not heve ajoint in the test gage section
7 106H 485 5 246 21+ |  Xtwb
7 107TH 52 T 6 @ —— - I Stb
73 108H 531 N 6 — — | XStb
74 100H 598 6 — — | Xtb
Test 75 is a tramsverse test
75 110HT 47 * 6 - —— | 5t
76 105H 86 01 10 282 030 10000000 SRtb
89 IHH 87 01 15 284 043 20500167  Stb
a 113H 207 01 | 272 073 16137 Stb
e7) 114H 131 01 10 240 060 69425  5tb
% 115H 162 01 10 208 076 11417  Swb
144 121H 108 1 5 250 041 1824012  Stb
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)

ID # MPa and Notes
147 122H 138 -1 5 25.2 0.55 21,713 25 tab
148 117H 138 -1 5 23.2 0.59 15,930 25 tab
192 116H -431 * 6 — -— | 25tab
193 117H -425 * 6 — — | 25 tab
Tests 221 and 222 involved coupons WLEh a center 13 mm diameter hole, net section stresses and no joint.
221 117H -352 13 - - I 50 H tab
222 119H -207 10 5 - - 2,400 50 HR tab
235 123H -138 10 15 25.8 -0.51 19,996 25 tab
Tests 236, 238, 240, 241, 243, 244, 245, 246, 247, 248, 249, 250, 251, 252, 253 do not have a joint
236 126H -138 10 20 245 -0.38 4,385,009 25 R tab
238 120H -207 10 15 21.7 - 91,656 25 tab
239 116H -138 10 15 24.5 - 6,000,000 25 R tab
240 119H -138 10 20 235 -0.58 30,000,000 25 R tab
241 133H 138 0.1 15 - —- 1,401,491 25 tab
242 137H 138 0.1 15 - e 5,420,000 25 R tab
243 136H 172 01 10 - 502,598 25 tab
244 131H 172 0.1 10 — - 1,104,989 25 tab
245 132H 207 01 10 24.8 0.86 96,327 25 tab
246 135H 207 01 10 25.0 0.83 79,610 25 tab
247 130H 241 0.1 10 25.7 0.95 15,703 25 tab
248 139H 276 0.1 5 23.2 1.20 2,921 25 tab
249 143H 276 0.1 5 27.7 1.04 1,668 25 tab
250 140H 345 0.1 5 234 153 742 25 tab
251 138H -207 10 15 26.8 -0.76 4,578 25 tab
252 141H -207 10 15 24.6 -0.85 3,918 25 tab
253 149H 138 0.1 20 238 0.57 8,222,998 25 tab
254 150H 138 0.1 15 - - 11,500,000 25R tab
Tests 258, 259 and 260 do not have a joint

258 118H 707 * 6 242 — | 25tab
259 150H 734 * 6 217 — | 25tab
260 151H 744 * 6 288  — | 25tab
269 125H 446 * 6 242 — | 25tab
270 128H 438 * 6 25.0 —- | 25 tab
4773 305H 103 -1 4 e 530,122 25

4774 302H 103 -1 4 -— -— 379,953 25

4775 303H 138 -1 2 - - 31,448 25
MATERIAL J

Lay-up = [(0/£45)3s, VF=0.43, Ave. thickness = 6.63 mm, S.D. = 0.52 mm, Polyester, Stress and strain
recorded on average cross sectional area, no multiplier was used to account for the center cut plies.

Butt Joint
62 101J 475 : 25 27.0 2.83 I 25 tab
63 102J 308 25 23.7 2.60 I 25 tab

68 104J 172 01 5 22.8 0.77 17,882 25 tab
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TEST & MAX. R E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)

ID # MPa and Notes
70 105J 86 01 10 26.2 0.31 11,000,000 25 R tab
81 106J 65 0.1 15 22.6 0.26 18,000,000 25R tab
82 107J 75 0.1 15 27.3 0.28 30,300,000 25R tab
93 108J 124 0.1 10 23.1 0.54 153,500 25R tab
127 110J 103 0.1 15 24.2 0.42 1,460,000 25 tab
194 113 -403 * 6 - - | 25tab
195 112) -417 * 6 -— —- I 25 tab
Tests 220 and 223 involved coupons with a center 13 mm diameter hole, net section stresses and no joint.
220 113J -226 3 - - | 50 H tab
223 114 -138 10 10 — - 6,500,000 50 HR tab
Tests 261, 262, 263 do not have ajoint

261 140J 723 * 6 263 - I 25 tab
262 141] 711 * 6 25.7 — I 25 tab
263 142) 689 * 6 242 - | 25tab
268 115) 446 * 6 245 - I 25 tab
MATERIAL L

Lay-up = [0],, V£=0.50, Ave. thickness = 2.46 mm, S.D. = 0.26 mm. Polyester

77 101L 410 0.1 I 35.4 1.18 2,580 25 tab
78 103L 406 0.1 I 30.9 1.32 593 25 tab
79 102L 276 0.1 5 315 0.87 59,081 25 tab
80 104L 266 0.1 5 29.0 0.97 45,848 25 tab
83 109L 325 0.1 10 345 0.91 153,402 25 tab
84 127L 259 0.1 10 32.4 0.93 856,066 25 tab
101 117L 740 : 6 30.8 2.40 I 25 tab
102 119L 745 6 36.6 221 I 25 tab
196 1221 -325 * 6 - - I 25 tab
197 123L -332 * 6 e —— I 25 tab
198 125L -328 * 6 — — I 25 tab
199 126L -351 * 6 - - I 25 tab
231 126L -361 * 6 - — | 50tab
232 1271 -444 * 6 —- — I 50 tab
233 128L -416 * 6 -— — I 50 tab
The following tensile coupons in this miiterial were thickness tapered (versus standard ASTM D3039)
2926 130L 807 13 37.4 2.20 I 25 tab
2927 134L 767 * 13 319 2.45 I 25 tab
2928 133L 683 * 13 39.6 175 I 25 tab
2929 131L 414 0.1 2 39.4 1.10 1,651 25 tab
2930 106L 414 0.1 2 40.0 1.09 2,814 25 tab
2931 125L 414 0.1 2 43.3 1.03 4,755 25 tab
2932 L 345 0.1 4 385 0.92 14,578 25 tab
2933 135L 345 0.1 4 39.1 0.91 9,731 25 tab
2934 129L 276 0.1 10 38.4 0.74 187,213 25 tab
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TEST & MAX. R Q E e CYCLES
SAMPLE STRESS Hz GPa % TO FAIL
ID # MPa

MATERIAL M

Lay-up = [0/+45]4 Vf=0.38, Ave. thickness = 3.10 mm, S.D. = 0.10 mm, Vinylester

129 I0IM 69 0.1 15 214 0.32 17,764,694
130 102M 76 0.1 15 210 0.36 6,899,599
131 104M 525 * 60  21.0 2.62 |
132 113M 507 * 60  20.2 2.90 |
133 112M 138 0.1 10 216 0.66 18,650
134 106M 138 0.1 10 212 0.66 22,360
135 109M 207 0.1 5 19.3 1.12 2,319
136 103M 207 0.1 5 19.1 112 2,855
137 114M 276 0.1 5 20.1 1.43 687
138 105M 276 0.1 5 19.2 1.44 879
139 115M 103 0.1 15 210 0.49 86,249
140 107M 103 0.1 15 209 0.49 174,168
141 11SM 86 0.1 15 205 0.41 397,000
142 1IOM 86 0.1 15 224 0.39 266,000
143 108M 76 0.1 15 214 0.36 2,498,512
200 124M 275 * 6 — _— |
201 123M -295 * 6 — — |
202 122M -289 * 6 — — |
203 125M -284 * 6 — — |
228 126M 267 * 3 — — I
229 127M 291 * 6 - - |
230 128M -301 * 6 - - |
MATERIAL N

Lay-up = [0/+45]4, V= 0.36, Ave. thickness =3.23 mm, S.D. = 0.08 mm, Polyester

Tests 85, 86, 87, 88, 96, 105, 106, 109, *110, 114, 3054 were transverse tests

85 hint 86 6 - 3.28 |
86 101INT 54 0.1 | 8.62 134 6,479
87 102NT 68 0.1 | 7.86 1.70 470
88 104NT 35 0.1 5 8.55 0.45 511,047
96 103NT 21 0.1 15 910 0.23 34,000,000
103 OIIN 482 * 6 20.9 2.97 |
104 OIZN 468 * 6 20.9 2.84 |
105 113NT 87 * 6 6.90 3.82 I
106 114NT 90 * 6 9.17 2.29 |
109 HINT 54 0.1 | 8.83 115 7,950
HO 112NT 68 0.1 | 6.69 1.42 711
m 117N 388 0.1 | 17.0 2.74 27
112 116N 276 0.1 | 182 163 626
113 120N 276 0.1 5 173 1.70 811
114 114NT 35 0.1 15 820 0.42 1,634,579
115 118N 207 0.1 5 192 1.08 5,684
116 119N 207 0.1 5 19.7 1.05 4,871

117 OION 138 01

=
o

20.1 0.73 25,371

WIDTH
(mm)
and Notes

50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
25 tab
25 tab
25 tab
25 tab
50 tab
50 tab
50 tab

25 tab
25 tab
50 tab
50 tab
50 R tab
25 tab
25 tab
25 tab
25 tab
50 tab
50 tab
25 tab
25 tab
25 tab
50 tab
25 tab
25 tab
50 tab
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CYCLES
TO FAIL

25,781
37,597
29,230
231,826
1,336,695
150
1,648,137
7,825,000
165,980
4,005,593
|

|

105,505
240,528
5,570
13,337
1,189,053
1,282,726
1,098,374
26,707,000
25,738,868
367,505
292,181
32,227

|

|

|
2,808,490
5,985,000
7,251
6,354
38,469
28,198
1,467
1,773

296
900,000

|

216
715,000

TEST & MAX. R E e
SAMPLE STRESS Hz GPa %
ID # MPa

118 009N 138 0.1 10 195 0.71
119 129N 138 0.1 10 204 0.69
120 128N 138 0.1 10 192 072
121 131N 103 0.1 15 184 056
122 BON 86 0.1 19.8 0.42
123 006N 345 0.1 | 19.2 1.82
124 126N 76 0.1 15 19.7 0.39
125 008N 69 0.1 15 19.9 0.34
126 121N 103 0.1 15 19.0 0.54
128 127N 69 0.1 5 193 0.35
145 116N 462 * 60 202 281
146 117N 459 * 60 18.9 2.75
For reversed and compression loading, a gage length of 38 mm was used.
149 132N 86 -l 5 22.8 0.36
150 B3N 86 -l 10 215 0.38
151 134N 138 -l 5 215 0.61
152 137N 138 -l 5 24.6 0.56
153 135N 69 -l 5 219 0.29
154 136N 69 -l 15 234 0.29
155 B8N -138 10 15 235 -0.61
156 139N -103 10 20 235 -0.44
158 145N -103 10 20 256 041
159 140N -138 10 15 235 -0.60
160 143N -172 10 10 250 -0.69
161 142N -172 10 10 237 -0.74
208 151N -318 * B - -
209 152N -334 * B - —
210 153N -301 * B — —
3054 201NT -BI * B - _—
MATERIAL P

Lay-up = [0/£45/M/0]s, V£= 0.36, Ave. thickness = 3.78 mm, S.D. = 0.23 mm, Vinylester
163 108P 612 * 60 281 2.73
164 107P 716 * 60  26.8 2.89
165 105P 103 0.1 5 233 0.44
166 108P 103 0.1 5 278 0.38
168 101P 276 0.1 5 221 1.27
169 103P 276 0.1 5 24.6 112
170 102P 207 0.1 10 261 0.82
171 106P 207 0.1 10 263 0.80
172 107P 345 0.1 5 25.9 1.40
173 104P 345 0.1 5 24.0 145
174 1P 414 0.1 5 19.0 2.22
175 112pP 138 0.1 15 269 0.52
176 126P 674 * 60 288 2.60
177 115P 414 0.1 29.1 0.93
178 IBP 138 0.1 15 234 0.60
179 116P 76 -l 20 292 0.26

15,000,000

WIDTH
(mm)

and Notes
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab

50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 R tab
50 tab
50 tab
50 tab
50 tab
25 tab
25 tab
25 tab
25 tab

25 tab
25 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
25 tab
50 tab
50 tab
SORtab



306

CYCLES
TO FAIL

I

I

I

I

139,604
938

1,320
76,483
14,121
6,000,000
21,177
1,094,359
8,020,000
1,189,000
|

|

|

|

|
7,842,000
925

|

6,967
6,035
8,170,168
820,153
972,000
230,233
115,056
4,932,613
60

41

1,072
17,096
505,551
1,942,442
|

TEST & MAX. R Q E e
SAMPLE STRESS Hz  GPa %
ID # MPa

For reversed and compression loading, a gage length of 38 mm was used.
204 132P -288 * 6 — —
205 133P -333 * 6 — —
206 136P -319 * 6 — —
207 137P -343 * 6 — —
211 120P 138 -l 10 294 0.44
212 123P 207 -1 5 29.5 0.70
213 121P 207 -1 5 27.2 0.74
214 122P 138 -1 10 283 0.46
215 125P -207 10 10 280 -0.63
216 124P -138 10 20 309 -0.40
217 119P -207 10 10 304 -0.63
218 117P -172 10 20 250 -0.82
219 118P -172 10 20 314 051
224 119P -138 10 20 - .
225 130P -396 * 3 —
226 131P -477 * 6 — -
227 132P -526 * 6 - -
MATERIAL R

Lay-up = [0/£45]4, V£=0.32, Ave. thickness = 3.56 mm, S.D. = 0.07 mm, Polyester
255 IOIR 412 * 6 16.6 2.50
256 102R 427 * 6 16.6 2.63
257 107R 138 0.1 5 170 031
264 105R 276 0.1 5 14.8 2.13
265 IR 483 * 6 17.7 341
266 108R 207 0.1 10 163 131
267 104R 207 0.1 10 169 131
270 109R 138 0.1 15 16.0 0.93
271 103R 138 0.1 5 157 0.90
272 112R 172 0.1 15 17.1 -
273 106R 190 0.1 10 - -
274 110R 190 0.1 10 - -
276 114R 190 0.1 5 - -
277 118R 345 0.1 | 17.4 2.52
278 117R 345 0.1 | — —
279 125R 276 0.1 2 -
280 126R 207 0.1 7 - -
281 119R 190 0.1 [0 JR— -
282 124R 155 0.1 5 . -
284 120R 436 * 6 . —
285 121R 426 * 6 — —
1928 200R -287 * i< J— —
1929 201R -297 * i< J— —
1930 202R -286 * i< S -
3080 403R -317 * 13 - -

3081 402R -321 : 13— —

3082 401R -353 13 -

WIDTH
(mm)
and Notes

25 tab
25 tab
25 tab
25 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 R tab
50 tab
50 tab
50 R tab
50 R tab
50 tab
50 tab
50 tab

25 tab
25 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
25 tab
25 tab
25 tab
25 tab
25 tab
25 tab
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL  (mm)

ID # MPa and Notes
4460 405R 207 0.1 4 — 10,713 50 tab
4461 406R 207 0.1 4 — 202,846 50 tab
4462 407R 207 0.1 4 35,270 50 tab
4463 408R 207 0.1 4 43,407 50 tab
4464 409R 190 0.1 4 — 473,815 50 tab
4465 410R 190 0.1 4 519,652 50 tab
4466 411R 276 2,473 50 tab
MATERIAL T

Lay-up = [0/%45]5 V¥=0.30, Ave. thickness = 4.34 mm, S.D. = 0.22 mm, Polyester. Materials T, U, V and
W involved folded fabric edges (T and U) and cut fabric edges to study test coupon edge effects.

Folded Edges Tnax Cu/ @

)

( -

C~ )

— _‘4'&n H [T 4‘&n
1306 TI 366 * 6 I 50 tab
1307 T2 145 0.1 15 - 64,333 50 tab
1308 T3 100 0.1 15 - 701,345 50 tab
1309 T5 86 0.1 15 - — 2,069,625 50 tab
1310 101 0.1 15 - - 1,731,348 50 tab
1311 ;n 145 0.1 10 - 56,979 50 tab
1312 TS 107 0.1 15 - - 615,110 50 tab
1313 T9 369 * 6 — - - I 50 tab
1916 T200 252 * 13 17.7 3.47 I 25 tab
1917 T201 -313 * 13 — - I 25 tab
1918 T202 267 * 13 - —— I 25 tab
MATERIAL U

Lay-up = [0/+45]5 V£=0.29, Ave. thickness = 4.55 mm, S.D. = 0.18 mm, Polyester. Materials T, U, V and
W involved folded fabric edges (T and U) and cut fabric edges to study test coupon edge effects.

*

1314 ul 336 6 S — I 50 tab
1315 u2 138 0.1 - - - 14,573 50 tab
1316 U3 102 0.1 - — - 114,237 50 tab
1317 U4 86 0.1 5 - _-- 400,500 50 tab
1318 us 69 0.1 5 - - 2,278,230 50 tab
1319 us 102 0.1 5 - - 178,679 50 tab
1320 u7 69 0.1 10 — - 2,422 608 50 tab
1321 us 138 0.1 10 —- - 16,591 50 tab
1322 U9 421 : 6 - - | 50 tab
1931 U200 416 N 13 212 251 | 25 tab
1932 U201 -364 3 — — | 25 tab
1933 U202 -345 * 13 - — | 25 tab
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
MATERIAL V

Lay-up = [0/+45]5 V£=0.32, Ave. thickness = 3.33 mm, S.D. = 0.30 mm, Polyester. Materials T, U, V and
W involved folded fabric edges (T and U) and cut fabric edges to study test coupon edge effects.

1323 VI 460 * 6 — — | 50 tab
1324 V2 489 * 6 — - | 50 tab
1325 V3 138 0.1 § — — 28,861 50 tab
1326 V4 138 0.1 5 — — 35,501 50 tab
1327 V5 172 0.1 | — — 11,273 50 tab
1328 V6 172 0.1 | - — 12,339 50 tab
1329 V7 103 0.1 10 —- — 123,370  50tab
1330 V8 103 0.1 10 — — 111,873 50 tab
1331 V9 86 0.1 (L R— — 950,987 50 tab
1332 VIO 86 0.1 5 — — 871,319 50 tab
1333 VI 69 0.1 (L R— — 7,871,024 50 tab
1334 V15 86 0.1 (L R— — 848,378 50 tab
1335 V16 86 0.1 5 — — 791,827 50 tab
1336 V17 103 0.1 10 — — 222,481 50 tab
1337 V18 172 0.1 | — — 11,370  50tab
1338 V20 138 0.1 5 — — 23,829  50tab
1339 V27 382 * 6 185  — | 25 tab
1340 V30 377 * 6 197 —— | 25 tab
gﬁ) V3l 393 : 6 20.1 — | 25 tab

V200 -363 3 — — | 25 tab
1920 V201 -392 : B —_— — | 25 tab
1921 V202 -383 13 —- -— | 25 tab
MATERIAL W

Lay-up = [0/+45]5 V£=0.33, Ave. thickness = 3.43 mm, S.D. = 0.07 mm, Polyester. Materials T, U, V and
W involved folded fabric edges (T and U) and cut fabric edges to study coupon edge effects.

1342 Wi 172 01 2 19.0 - 25,839 50 tab
1343 W2 172 01 2 19.1 — 30,040 50 tab
1344 W5 138 01 10 - - 311,392 50 tab
1345 W6 138 01 10 - 154,745 50 tab
1346 w7 103 01 15 - - 5,040,762 50 tab
1347 w8 359 * 6 - - [ 50 tab
1348 w9 435 * 6 - - [ 50 tab
1349 WIO 21 01 10 - - 502,900 50 tab
1350 W I 21 01 10 - - 1,071,927 50 tab
1351 W12 103 01 15 - - 3,464,238 50 tab
1352 W13 86 01 15 - - 27,537,000 50 R tab
1922 W200 -302 * 13 — - | 25 tab
1923 w201 -355 * 13 - - | 25 tab
1924 w202 -351 * 13 - I 25 tab
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)

ID # MPa and Notes
MATERIAL X

Lay-up = [02ZM/+45/02, V£=0.35, Ave. thickness = 4,52 mm, S.D. = 0.24 mm, Polyester

304 107X 624 * 13 25.6 2.59 I 25 tab
305 102X 595 * 13 23.7 251 I 25 tab
306 103X 617 * 13 24.6 2.97 I 25 tab
309 112X 276 0.1 10 23.0 1.26 255,862 25 tab
310 105X 414 0.1 5 255 1.76 1,753 25 tab
311 106X 414 0.1 5 23.0 1.86 953 25 tab
312 104X 345 0.1 5 25.9 1.32 15,414 25 tab
313 108X 345 0.1 5 25.2 1.36 11,550 25 tab
314 101X 241 0.1 20 25.4 0.94 6,492,710 25 tab
315 109X" 276 0.1 10 26.3 1.06 127,309 25 tab
Tests 316 - 320, 328, 330 - 335, 337, 363, 485 - 489, 1837, 1838 were transverse tests

316 116XT 39 * 13 7.7 0.83 | 25 tab
317 118XT 45 * 13 7.6 0.72 | 25 tab
318 117XT 43 * 3 79 0.92 | 25 tab
319 119XT 28 0.1 2 9.0 0.28 1,083 25 tab
320 124XT 21 0.1 15 8.3 0.24 50,606 25 tab
321 1HOX 241 0.1 20 25.0 0.97 5,000,000 25 R tab
322 114X 241 0.1 20 26.0 0.91 21,000,000 25 R tab
323 113X 241 0.1 20 26.7 0.90 20,000,000 25 R tab
327 151X -241 10 10 27.4 -0.84 3,175,600 25 tab
328 126XT 19 0.1 15 9.1 0.25 614,730 50 tab
329 142X -207 10 25 26.3 -0.68 21,000,000 25 R tab
330 130XT 19 0.1 10 8.6 0.27 436,440 50 tab
331 132XT 17 0.1 20 8.3 0.21 785,700 50 R tab
332 128XT 17 0.1 20 8.5 0.23 1,132,780 50 R tab
333 134XT 28 0.1 2 8.3 0.37 2,074 50 tab
334 129XT 28 0.1 2 8.4 0.34 1,545 50 tab
335 135XT 17 0.1 20 7.3 0.24 897,103 50 tab
336 144X -241 10 10 26.7 -0.94 3,500,000 25 R tab
337 133XT 14 0.1 15 8.0 0.19 10,377,400 50 tab
363 131XT 14 0.1 15 8.0 0.17 11,247,700 50 tab
378 159X -435 * 13 25.0 -1.74 I 257
379 158X -430 * 13 26.8 -1.70 I 257
380 165X -450 * 13 26.1 -1.98 I 257
381 161X -310 10 2 23.4 -1.41 12,455 2572
382 164X -310 10 2 25.7 -1.37 12,865 2572
383 157X -276 10 5 24.8 -1.20 271,161 2572
384 160X -276 10 5 24.2 -1.07 333,581 257
385 156X -276 10 10 25.9 -1.10 161,397 252
386 162X -241 10 10 26.1 -0.93 1,472,970 2572
482 139X 414 0.1 5 25.6 1.67 1,223 25 tab
483 152X 345 0.1 5 25.7 145 11,786 25 tab
484 153X 276 0.1 10 26.6 1.06 169,031 25 tab
485 136XT 24 0.1 5 9.3 0.26 21,745 50 tab
486 123XT 24 0.1 5 9.0 0.25 15,040 50 tab
487 125XT 47 * 13 101 0.52 | 25 tab
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E
GPa

10.1
9.5
24.5

%

0.24
0.22
1.39

CYCLES
TO FAIL

18,858
587,181
14,129

|

|

Lay-up = [02/M/+45/07, V£=0.39, Ave. thickness = 4.62 mm, S.D. = 0.48 mm. Epoxy

TEST & MAX. R
SAMPLE STRESS |9fz
ID # MPa

488 120XT 24 0.1 5
489 121XT 19 0.1 10
705 177X -310 10 7)
1837 201 XT -170 * 13
1838 127XT -149 * 13
MATERIAL Y

286 Hny 583 * 100
287 117Y 591 100
288 105Y 611 * 100
289 112Y 276 0.1 25
290 108Y 207 0.1 25
291 118Y 345 0.1 15
292 113Y 345 0.1 15
203 104Y 345 0.1 15
294 116Y 414 0.1 4
295 106Y 276 0.1 25
296 102Y 414 0.1 4
297 107Y 276 0.1 25
298 115Y 276 0.1 25
299 119Y 207 0.1 25
300 114Y 661 * 13
301 oy 687 * 13
302 109Y 620 * 13
303 I0lY 207 0.1 15
481 170Y -276 10 5
490 125Y 414 0.1 4
491 121Y 345 0.1 5
493 123Y 276 0.1 5
494 127Y 207 0.1 15
Tests 495 «512, 1839- 1841 were trans’\C/erse tests
495 141YT 29 . 13
496 1U5YT 29 . 13
497 146YT 30 13
498 152YT 21 0.1 2
499 144YT 21 0.1 2
500 YT 17 0.1 10
501 143YT 17 0.1 10
502 140YT 24 0.1 |
503 151YT 24 0.1 I
504 148YT 14 0.1 15
505 142YT 14 0.1 15
506 149YT 14 0.1 15
507 157YT 24 0.1 |
508 153YT 21 0.1 2
509 155YT 17 0.1 10
510 159YT B * 13

231
213
22.5
27.4
24.4
23.6
25.9
23.9
27.2
251
22.4
20.8
20.4
25.9
24.3
28.1
24.2
25.3
24.3
29.7
29.7
28.7
26.6

1.7
75
6.8
71
7.0
6.5
75
7.2
71
6.9
6.3
6.9
7.2
6.6
6.6
7.6

2.72
3.12
291
0.53
0.79
133
128
124
1.83
Lii

171
127
0.93
0.77
2.80
2.54
2.56
0.87
113
1.70
154
101
0.86

0.67
0.79
0.85
0.48
041
0.34
0.29
1.35
122
0.25
0.22
0.20
137
0.37
0.26

|

|

|

251,141
1,412,113
23,109
18,000
16,762
628
73,530
821
128,578
237,864
1,607,127
|

|

|
15,000,000
62,517
1,486
36,812
423,059
10,000,000

|

|

|

4,103
2,716
26,513
47,049
208

277
252,205
432,161
657,472
173
2,033
31,204

|

WIDTH
(mm)
and Notes

25 tab
25 tab
25 tab
25 tab
25 tab

25 tab
25 tab
25 tab
25 tab
25 tab
25 tab
25 tab
25 tab
25 tab
25 tab
25 tab
25 tab
25 tab
25 tab
25 tab
25 tab
25 tab
25 R tab
25 tab
25 tab
25 tab
25 tab
25R tab

50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
50 tab
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
511 161YT 32 * 13 75 - | 50 tab
512 160YT 35 * 13 75 — | 50 tab
543 168Y -391 * i J— — | 25
544 181Y -389 * i< J— — [ 25
545 176Y -341 * i< J— - | 25
546 171Y -369 * < J— - | 25
547 172Y 276 10 10 - . 87,235 25
548 167Y -310 10 5 - — B4 25
549 166Y 241 10 20 215 118 4,000,000  25R
581 170Y -276 10 5 24.3 113 62,517 25
686 193Y -329 N (< J— . | 257
687 182Y -359 . i< J— | 257
688 184Y -355 < J— — | 257
689 178Y -310 10 2 - 568 257
690 197Y -293 10 2 - _— 12145 257
691 200Y -293 10 5 - — 3,011 257
692 190Y -293 10 2 - — 4652 257
693 187Y -310 10 2 - - 672 252
694 199Y -276 10 1[0 - 187512 257
695 196Y -483 N . J— —- | 25
696 193Y -450 i . J— | 25
697 192Y -431 /s J— — | 25
699 201Y -258 10 B - 632,624 25
701 173Y -258 10 15 239 -1.09 833,939 25
702 169Y -258 10 15 26.3 -0.98 1477548 25
706 195Y 241 10 20 - - 1672575 25
1839 201YT -95 N K J— — | 25 tab
1840 202YT -116 N (< J— — | 25 tab
1841 203YT -112 13 | 25 tab

MATERIAL EE

Lay-up = [M/+45/0]s, V£=0.54, Ave. thickness = 3.53 mm, S.D. = 0.10 mm, Epoxy, Coupons taken from
pultruded blade section.

1178 EEIOI 565 * 13 28.8 2.23 | 20 tab
1179 EE102 546 * 13 34.5 176 I 20 tab
1180 EE103 518 13 30.7 178 I 20 tab
1181 EE104 345 0.1 2 321 114 570 20 tab
1182 EEI 12 310 0.1 4 29.2 107 1,085 20 tab
1183 EE105 276 0.1 5 30.1 0.93 4,076 20 tab
1184 EEIN 207 0.1 10 32.8 0.65 34,583 20 tab
1185 EEIO 138 0.1 20 33.2 0.43 1,857,630 20 tab
1186 EE107 345 0.1 2 e — 402 13 tab
1187 EE109 276 0.1 5 - - 2,936 13 tab
1188 EE108 310 0.1 5 - - 2,033 13 tab
1189 EE106 207 01 10 - — 23,385 13 tab
1190 EEI 19 310 01 5 - - 1,840 13 tab
1191 EEI21 276 01 5 - — — 2,377 13 tab

1192 EEI 14 207 0.1 10 - - 58,110 13 tab
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TEST & MAX. R Q E e CYCLES  WIDTH
SAMPLE STRESS Hz  GPa % TO FAIL (mm)
ID # MPa and Notes
1193 EEI 15 172 0.1 15 - - 496,094 13 tab
1194 EEI 20 172 0.1 5 - - 287,688 13 tab
1195 EE125 241 0.1 5 - - 10,021 13 tab
1196 EEI26 241 0.1 5 — 8,786 13 tab
1197 EEI 16 172 0.1 20 - 224,138 13 tab
1198 EEI28 -546 * 13 - — | 13 tab
1199 EE129 -550 * 3 — | 13 tab
1200 EEI 13 138 0.1 20 - — 3,804,099 13 tab
1201 EEI31 -519 * 13 - — [ 13 tab
1202 EEI 18 138 0.1 20 - - 4,622,485 13 tab
1203 EE128 510 * 13 - - | 13 tab

MATERIAL EEAV
Lay-up = [M/+45/0]s, VF= 0.48, Ave. thickness = 3.36 mm, S.D. = 0.24 mm. Vinyl ester, Coupons taken from
a pultruded blade section.

2716 EEAV105 619 13 29.0 2.47 I 20
2717 EEAV106 559 * 13 26.3 231 | 20
2718 EEAVIOI 569 * 13 26.6 2.33 | 20
2719 EEAV107 345 01 2 29.0 1.30 1,836 20
2720 EEAV109 345 01 2 28.1 131 3,260 20
2721 EEAV103 276 01 5 27.7 101 27,047 20
2722 EEAV108 276 01 5 29.2 101 43,424 20
2723 EEAV102 207 01 12 27.2 0.79 2,414,147 20
2724 EEAV144 207 01 20 28.6 0.74 1,366,767 20
2725 EEAV143 345 01 4 28.9 129 2,811 20
2726 EEAV145 276 0.1 5 29.8 1.00 35,462 20
2737 EEAVI 14 -657 * 13 E— — | 25
2738 EEAV125 -666 * 13 — — I 25
2739 EEAVIIO -614 * 13 — — I 25
2746 EEAV124 -448 10 5 — - 7,498 25
2747 EEAV126 -448 10 5 E— - 5,539 25
2748 EEAVII1 -448 10 5 E— - 3,169 25
2749 EEAVI 15 -345 10 20 — — 5,000,000 25R
2750 EEAVI 13 -396 10 12 — — 93,149 25
2751 EEAVI 12 -396 10 12 E— — 38,280 25
2752 EEAVI17 -396 10 12 — — 72,451 25
2753 EEAVI 16 207 -1 5 — — 145,367 25
2754 EEAV122 207 -1 10 — — 231,003 25
2755 EEAV123 276 -1 2 — - 1,866 25
2756 EEAV121 276 -1 2 — — 3,412 25
2757 EEAV120 276 -1 2 — - 2,875 25
2758 EEAVI 19 207 -1 5 — — 92,539 25
2759 EEAVI 18 190 -1 10 — - 74,105 25

Tests 2760 - 2765 were transverse tests

2760 EEAV204T 76 * 13 15.9 0.48 | 25
2761 EEAV203T 81 * 13 14.6 0.63 | 25
2762 EEAV201T 86 * 13 14.2 0.71 | 25
2763 EEAV205T -195 * 13 —- —- | 25
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz  GPa % TO FAIL (mm)
ID # MPa and Notes
2764 EEAV206T  -197 * 3 — | 25
2765 EEAV207T  -192 * 13 | 25

MATERIAL EEAP

Lay-up = [M/£45/0]s, V£=0.49, Ave. thickness = 3.64 mm, S.D. =0.10 mm, Polyester, Coupons taken from
a pultruded blade section.

2797 EEAPIOI 505 * 13 295 2.0 | 20
2798 EEAPI 06 501 * 13 278 21 | 20
2799 EEAP109 529 * 13 302 2.0 [ 20
2800 EEAPI 12 345 0.1 2 30.0 115 1,958 20
2801 EEAP102 345 0.1 2 27.0 1.20 890 20
2802 EEAP108 345 0.1 2 29.1 1.24 573 20
2803 EEAPI 11 276 0.1 4 31.2 0.90 9912 20
2804 EEAP105 276 0.1 5 27.6 1.04 17575 20
2805 EEAP104 276 0.1 5 29.2 1.03 15,403 20
2806 EEAP103 207 0.1 15 288 0.74 1,596,779 20
2807 EEAPIIO 207 0.1 5 283 0.73 2,483,304 20
2809 EEAPI 22 -716 * 3 —- I 25
2810 EEAPI 19 -750 * i J— - | 25
2811 EEAP125 721 * i J— — | 25
2812 EEAP123 -448 10 4 - — 6,703 25
2813 EEAP121 -448 10 4 — S 16,229 25
2814 EEAP124 -448 10 4 — — 18,158 25
2815 EEAPI 18 -396 10 10 - — 110,507 25
2816 EEAPI 16 -396 10 10 - 140,415 25
2817 EEAPI 15 -362 10 0 - - 696,647 25
2818 EEAPI 20 -396 10 0 - — 59,096 25
2819 EEAP130 -362 15 5 - - 1,445,447 25

MATERIAL EEBP

Lay-up = [M/+45/0]s, VF=0.43, Ave. thickness =2.90 mm, S.D. = 0.04 mm. Vinyl ester, Coupons taken from
a pultruded blade section.

2727 EEBIO3 512 * 13 278 21 | 20
2728 EEBIOI 513 : 13 275 23 | 20
2729 EEB102 520 13 275 2.2 | 20
2730 EEBIO5 276 0.1 5 24.6 121 8,392 20
2731 EEB108 276 0.1 5 25.2 122 11,375 20
2732 EEB106 345 0.1 2 275 1.40 504 20
2733 EEB107 345 0.1 2 26.1 1.44 358 20
2734 EEB109 207 0.1 10 268 0.81 365,195 20
2735 EEB104 207 0.1 12 275 0.80 462,172 20
2736 EEB141 276 0.1 4 25.8 1.20 12,141 20
2740 EEB125 -412 * 13 —- | 25
2741 EEB126 -449 * i< J— - | 25

*

2742 EEBI12 -390 13 — — I 25
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes

MATERIAL EECP

Lay-up = [M/%45/0]s, V£=0.49, Ave. thickness = 2.48 mm, S.D. = 0.10 mm, Vinyl ester, Coupons taken from
a pultruded blade section.

2703 EEC 123 546 13 274 2.4 | 20
2704 EEC122 505 * 13 298 21 [ 20
2705 EEC132 526 * 13 279 22 | 20
2706 EECI 33 345 0.1 2 29.5 1.35 257 20
2707 EEC 128 345 0.1 2 27.5 141 149 20
2708 EEC131 345 0.1 2 28.6 1.49 86 20
2709 EEC126 276 0.1 4 28.4 1.07 5070 20
2710 EEC125 276 0.1 4 28.9 1.04 2474 20
2711 EEC 130 276 0.1 4 273 1.08 3114 20
2712 EECI 18 207 0.1 10 280 077 285,157 20
2713 EEC 120 207 0.1 10 290 077 141,150 20
2714 EEC 129 207 0.1 10 294 076 159,441 20
2715 EEC127 172 0.1 20 271 0.68 1,293,553 20
2743 EEC136 -434 * 13 - - | 25
2744 EECIOI -436 * 3 - - [ 25

*

2745 EEC143 -387 13 -- - I 25
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SUMMARY OF MSU MANUFACTURED MATERIAL FATIGUE TESTS
MATERIAL AA

Lay-up = [(¥45/0)2, (45/0),(x45/0)2], V£=0.35, Ave. thickness = 4.37 mm, S.D. =0.11 mm,
CoRezyn 63-AX-051 Polyester

TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)

ID # MPa and Notes
339 101AA 443 : 13 17.3 2.73 I 25 tab
340 102AA 453 - 13 16.7 2.90 I 25 tab
341 103AA 448 * 13 17.0 2.82 I 25 tab
342 104AA 387 13 16.7 2.81 | 25 tab
343 110AA 241 0.1 5 16.9 1.53 1,741 25 tab
344 IHHIAA 241 0.1 5 175 161 1,459 25 tab
345 106AA 172 0.1 10 17.9 1.08 11,293 25 tab
346 108AA 172 0.1 10 16.8 112 14,316 25 tab
347 109AA 103 0.1 20 17.0 0.63 366,798 25 tab
348 105AA 138 0.1 15 18.1 0.82 81,207 25 tab
349 107AA 241 0.1 15 17.3 1.65 1,051 25 tab
350 112AA 103 0.1 20 16.8 0.64 352,093 25 tab
351 116AA 138 0.1 20 16.7 0.90 55,485 25 tab
352 113AA 138 9{.1 15 16.9 0.86 65,926 25 tab
353 123AA -288 * 13 171 -1.06 | 25 tab
354 129AA -284 * 13 18.4 -1.02 | 25 tab
355 119AA -310 13 19.2 -0.90 | 25 tab
356 122AA -138 10 15 20.1 -0.68 4,658,000 25 R tab
357 126AA -241 10 5 18.8 -1.36 8,700 25 tab
358 118AA -241 10 5 19.9 -1.24 9,419 25 tab
359 128AA -207 10 10 19.2 -1.31 64,783 25 tab
360 127AA -207 10 10 19.3 -1.36 75,000 25 tab
361 121AA -172 10 15 20.0 -0.91 5,000,000 25 R tab
362 124AA -172 10 10 18.2 -0.91 3,477,199 25 tab
364 134AA -327 * 13 19.4 -1.75 | 257 tab
365 133AA -347 i 13 17.7 -2.00 | 257 tab
366 137AA -366 13 19.1 -— | 25 Z tab
367 132AA -276 10 3 19.6 -1.60 547 257 tab
368 131AA -276 10 3 18.3 -1.61 462 257 tab
369 135AA -241 10 5 - - 5,973 257 tab
370 125AA -190 10 10 18.3 -1.23 167,058 257 tab
371 120AA -190 10 10 18.4 -1.04 139,700 25 7R tab

The following coupons with a 13 mm diameter hole are listed using the NET area stress. These coupons
(excluding the “#” tests) had an average hole diameter of 13.00 mm and a standard deviation of 0.40 mm.

372 141AA 207 0.1 13 18.3 0.83 1,200 50 HR tab
373 130AA -190 10 5 - - 151,283 25 Z tab
374 143AA 164 0.1 20 17.8 0.75 4,000 50 RH tab
375 145AA 121 0.1 5 19.7 0.48 42,000 50 RH tab
376 146AA 121 0.1 10 18.8 0.49 34,500 50 RH tab
377 144AA 103 01 15 19.7 0.40 97,692 50 H tab
387 150AA 444 x 13 194 2.04 | 25

388 152AA 468 13 17.9 2.47 I 25
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes

Tests listed with a “#” indicate coupons post cured at 120 °C rather than the standard 60 °C. The average hole
diameter for the tests with a “#” was 12.86 mm with a standard deviation of 0.41 mm.

389 153AA 373 13 19.7 2.70 | 50 H#
390 161AA 369 * 13 20.5 2.80 I 50 H#
391 160AA 370 * 13 21.6 2.60 I 50 H#
392 159AA 241 01 2 19.8 118 328 50 H#
393 157AA 241 0.1 2 20.9 111 270 50 H#
394 156AA 172 0.1 5 19.7 0.86 5,032 50 H#
395 155AA 172 0.1 5 20.4 0.75 4,620 50 H#
396 158AA 138 0.1 5 20.2 0.64 19,409 50 H#
397 154AA 138 01 5 20.3 0.66 24,375 50 H#
398 163AA 103 01 15 213 0.49 168,606 50 H#
399 164AA 103 01 15 21.2 0.48 154,275 50 H#
400 167AA 241 01 2 17.4 1.36 392 50 H#
401 165AA 172 0.1 5 17.9 0.91 2,163 50 H#
402 182AA 352 * 13— - — I 50H
403 181AA 350 * 13 18.7 2.31 I 50 H
404 168AA 353 * 13 18.3 2.57 I 50H
405 169AA 103 0.1 15 20.2 041 100,806 50 H
406 166AA 172 0.1 2 18.8 0.86 2,030 50 H
407 184AA 241 0.1 2 19.7 114 280 50 H
408 183AA 86 0.1 20 18.9 0.46 355,500 50 H
Tests involving compression or reversec’ic loading used a 25 mm gage length

409 170AA -205 13 19.8 -1.38 I 50H
410 185AA 86 0.1 20 18.3 0.37 395,450 50H
411 173AA -257 > 13 20.8 -1.30 I 50 HZ
412 175AA -257 : 13 195 -1.25 I 50 HZ
413 178AA -243 13 20.0 -1.23 I 50 HZ
414 176 AA -207 10 2 19.9 -0.98 483 50 HZ
415 180AA -138 10 5 19.0 -0.52 39,859 50 HZ
416 188AA 103 0.1 20 18.9 0.57 289,500 25 tab
417 185AA 103 0.1 25 16.6 0.62 252,137 25 tab
418 162AA 86 0.1 20 22.6 0.44 152,641 50 H#
419 190AA 138 0.1 5 17.2 0.68 7,527 50 H
420 189AA 138 0.1 5 17.3 0.66 7,294 50 H
421 192AA -207 10 2 19.4 -0.70 508 50 HZ
422 196AA -138 10 5 20.8 -0.45 45,064 50 HZ
423 187AA 86 0.1 10 19.8 0.46 1,097,890 25 tab
424 197AA 86 0.1 15 16.5 0.54 1,110,190 25 tab
425 171AA -207 10 10 18.7 -1.08 59,130 VWA
426 191AA -207 10 2 19.8 -0.69 446 50 HZ
427 193AA -138 10 5 20.0 -0.48 45,833 50 HZ
428 194AA -172 }0 5 18.3 -0.66 8,338 50 HZ
429 202AA -371 . 13 17.9 -241 | 257
430 203AA -327 13 19.0 -2.20 | 257
431 195AA -172 10 10 18.6 -0.64 5,439 50 HZ
432 204AA -190 10 10 18.1 -1.05 172,910 257

433 200AA -121 10 10 19.2 -0.46 1,400,699 50 HZ
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)

ID # MPa and Notes
434 186AA 86 0.1 20 19.2 0.46 1,063,690 25 tab
435 205AA -190 10 25 16.9 -1.11 240,000 257
436 198AA -121 10 15 15.2 -0.48 820,290 50 HZ
437 187AA 172 01 10 16.6 1.04 17,149 25 tab
438 209AA 241 0.1 2 16.9 143 187 50 H
439 210AA 103 0.1 15 16.7 0.62 61,628 50H
440 207AA 172 0.1 10 18.1 0.72 2,757 50 H
441 211AA 172 0.1 5 18.9 0.76 2,700 50 H
442 206AA 138 0.1 5 17.8 0.63 9,650 50 H
443 208AA 86 0.1 15 17.9 0.45 276,248 50 H
444 213AA 241 0.1 2 18.6 115 237 50 H
445 218AA -276 10 I 18.1 -1.56 380 257
446 238AA -241 10 5 18.6 -1.29 11,145 257
447 199AA -172 10 5 21.3 -0.64 7,345 50 HZ
449 240AA 207 -1 I 19.0 1.38 195 257
450 230AA 207 -1 I 20.8 1.22 191 257
451 239AA 190 -1 2 17.9 1.27 296 257
452 232AA 172 -1 | 174 1.07 509 257
453 221AA 172 -1 | 18.3 101 438 257
454 216AA 138 -1 | 19.0 0.78 1,850 257
455 217AA 138 -1 | 17.3 0.86 2,493 257
456 241AA 190 -1 | 17.9 1.40 232 257
457 136AA 138 -1 | - — 1,897 25 Z tab
458 224AA 138 -1 | 19.6 0.51 753 50 HZ
459 231AA 86 -1 I 21.8 0.28 33,341 50 HZ
460 222AA 172 -1 I 16.3 0.71 160 50 HZ
461 228AA 172 -1 I 21.7 0.58 218 50 HZ
462 227AA 172 -1 I 22.7 0.55 176 50 HZ
463 229AA 138 -1 I 19.7 0.49 860 50 HZ
464 225AA 138 -1 I 20.5 0.50 891 50 HZ
465 223AA 103 -1 | 20.1 0.39 8,513 50 HZ
466 236AA 103 -1 | 19.7 0.37 8,262 50 HZ
467 235AA 86 -1 | 22.0 0.29 33,347 50 HZ
468 237AA 103 -1 I 19.1 0.34 11,756 50 HZ
469 242AA 207 -1 | 19.0 1.20 168 25 7 tab
470 226AA 190 -1 I 18.0 1.17 208 257 tab
471 242AA 172 -1 | 18.4 1.08 376 257 tab
472 220AA 103 -1 | 18.6 0.58 25,488 25 Z tab
473 219AA 103 -1 | 18.8 0.57 21,992 25 Z tab
474 234AA 86 -1 2 19.2 0.32 56,945 50 HZ
475 233AA 121 10 10 20.5 0.57 10,000 50 HZR
476 274AA -190 10 15 185 -1.23 153,542 25 Z tab
477 115AA 86 -1 5 18.8 0.45 456,549 25 tab
478 117AA 86 -1 5 17.4 0.49 187,649 25 tab
479 269AA 86 -1 5 20.5 0.44 236,152 25

480 271AA 103 -1 2 185 0.56 34,956 25

Tests 513 m527 involved a gage length of 76 mm (strain rate effect tests).
513 275AA 506 * 13 22.8 2.25 I 25
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TEST & MAX. R Q E e CYCLES WIDTH
ISISAI\/;PLE STRESS Hz  GPa % TO FAIL (mm)
MPa and Notes

514 276AA 510 : 13 21.6 2.36 | 25
515 277AA 518 N 13 221 2.35 | 25
516 278AA 524 . 13 225 2.34 | 25
517 279AA 517 N 13 21.9 2.37 | 25
518 280AA 552 . 13 23.0 2.40 I 25
g;g ggm gig . 13 235 2.26 I 25
520 26200 %40 . 13 22.4 241 I 25

. 13 22.4 2.20 I 25
522 284AA 557 i 13 23.7 2.35 I 25
i meAn e * b oy ® L
525 287TAA 506 * g gi'g oo L
526 288AA 512 * 13 21.4 >3 | ~

) . 2.39 I 25
527 289AA 507 13 23.0 2.21 I 25

Tests 528 - 542 involved a gage length gf 38 mm and a coupon width of 13 mm (strain rate effect tests).

528 296AA 476 * 6 211 2.24 | 13
529 301AA 511 6 22.6 2.27 | 13
530 293AA 479 : 6 21.9 2.19 | 13
VR N S S G v o
533 304AA 500 * 6 22.7 2.21 | 13
534 297AA 554 * 6 25.9 2.29 | 13
535 290AA 526 * 6 22.1 2.39 | 13
536 303AA 513 * 6 23.7 2.17 I 13
537 295AA 543 * 6 27 230 | 13
538 291AA 498 * 6 23.2 2.14 I 13
539 300AA 484 * 6 24.0 2.02 I 13
540 292AA 478 > 6 23.2 2l05 I 13
541 294AA 517 > 6 22.1 2.33 I 13
542 302AA 538 * 6 2322 2:10 I 13
Tests 550 - 565 involved a gage length of 114 mm and a coupon width of 38 mm (strain rate effect tests).
550 306AA 551 i 19 220 2.60 I 38
551 310AA 537 . 19 20.8 2.59 I 38
552 314AA 539

553 312AA 55 % 1 230 24 . ®

N . .

554 307AA 534 19 22.4 2.39 | 38
555 318AA 539 : 19 214 282 I 38
556 316AA 530 . 19 21.9 2.42 | 38
557 320AA 509 . 19 22.3 2.28 | 38
558 308AA 584 . 19 22.8 2.56 | 38
559 315AA 541 . 19 23.0 2.35 I 38
560 305AA 559 . 19 23.0 2.43 I 38
561 31IAA 548 * 19 215 2.54 I 38
562 319AA 955 * 19 21.4 2.59 I 38
563 313AA 519 - 19 21.2 2.45 I 38
564 309AA 552 - 19 22.6 2.45 I 38
565 336AA 529 19 20.8 2.54 I 38

Tests 566 - 580 involved a gage length of 152 mm and a coupon width of 50 mm (strain rate effect tests).
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TEST & MAX. R Q E e CYCLES WIDTH
ISl,DA\MPLE STRESS Hz GPa % TO FAIL (mm)
# MPa and Notes
566 324AA 533 : 25 21.0 2.54 I 50
567 329AA 540 . 25 20.7 2.62 | 50
568 334AA
oo A gg . 25 20.8 2.63 | 50
i S . 25 21.6 2.58 I 50
550 . 25 21.5 2.55 | 50
571 331AA 511 . 25 21.1 2.42 I 50
572 327AA 544 . 25 22.0 2.47 I 50
573 325AA 514 . 25 22.4 2.29 I 50
574 330AA 523 . 25 21.8 2.40 | 50
575 321AA 546 . 25 21.8 2.50 | 50
576 332AA 548 . 25 221 2.48 | 50
577 326AA 528 . 25 20.8 2.50 | 50
578 323AA 561 . 25 23.4 2.39 | 50
g;g 337AA 518 . 25 21.9 2.37 | 50
335AA 550 25 21.8 2.53 | 50

Tests 581 - 595 involved a gage length gf 19 mm and a coupon width of 6 mm (strain rate effect tests).

581 338AA 517 3 — — | 6
582 339AA 503 * 3 — _— | 6
583 340AA 468 * 3 - - | 6
584 341AA 490 * 3 - — | 6
585 342AA 546 * 3 — i | 6
586 343AA 508 * 3 — — | 6
587 344AA 559 * 3 - — | 6
588 345AA 569 * 3 . [ 6
589 346AA 539 * 3 - | 6
590 347AA 535 * 3 — _— [ 6
591 348AA 524 * 3 — — | 6
592 349AA 473 * 3 - - [ 6
593 350AA 555 * 3 — — | 6
594 351AA 571 * 3 — — | 6
595 352AA 498 * 3 — — | 6

Tests 596 - 610 involved a gage length gf 38 mm and a coupon width of 13 mm (strain rate effect tests).

596 353AA 481 6 — — | 13
597 354AA 575 * 6 — | 13
598 355AA 519 * 6 — — | 13
599 356AA 506 * 6 — — | 13
600 357AA 568 * 6 — — | 13
601 358AA 508 * 6 — — | 13
602 359AA 573 * 6 — — | 13
603 360AA 482 * 6 — - | 13
604 361AA 532 * 6 — - | 13
605 362AA 491 * 6 — — [ 13
606 363AA 519 * 6 — — | 13
607 364AA 522 * 6 — - | 13
608 365AA 497 * 6 — — | 13
609 366AA 490 * 6 — — | 13
610 367AA 528 * 6 — — | 13

Tests 611 - 625 involved a gage length of 57 mm and a coupon width of 19 mm (strain rate effect tests).



TEST & MAX. R Q E e CYCLES  WIDTH
ISI,DAMPLE STRESS Hz  GPa % TO FAIL  (mm)
# MPa and Notes

611 368AA 556 * 0 - - I 19
612 369AA 528 * 0 — . | 19
613 370AA 536 * 0 — — I 19
614 371AA 565 * 0 — - |19
615 372AA 483 * 0 — — I 19
616 373AA 528 * 0 — — I 19
617 374AA 544 * 0 — - |19
618 375AA 547 * 0 — . | 19
619 376AA 561 * 0 — — | 19
620 377AA 506 * 0 — . I 19
621 378AA 559 * n  — e | 19
622 379AA 563 * 0 — e I 19
623 380AA 532 * 0 — e I 19
624 381AA 543 * 0 — - I 19
625 382AA 530 * 0 — . I 19

Tests 626 - 640 involved a gage length gf 95 mm and a coupon width of 32 mm (strain rate effect tests).
626 383AA 539 16 - — 32

|
627 384AA 572 * 6  —- - | 32
628 385AA 549 * 6 — - | 32
629 386AA 508 * 6 — — | 32
630 387AA 554 * 6 — — | 32
631 388AA 533 * 6 — - | 32
632 389AA 555 * 6 — - | 32
633 390AA 526 * 6 - - | 32
634 391AA 503 * 6 — - | 32
635 392AA 520 * 6 —- — | 32
636 393AA 525 * 6 —- — | 32
637 394AA 497 * 6 - — | 32
638 395AA 527 * 6 — — I 32
639 396AA 511 * 6 — — | 32
640 397AA 519 * 6 — | 32
Tests 641 - 655 involved a gage length gf 114 mm and a coupon width of 38 mm (strain rate effect tests).
641 398AA 525 19 — - | 38
642 399AA 509 * 19 — — | 38
643 400AA 555 * 19 — I 38
644 401AA 553 * 9 — — | 38
645 402AA 544 * 19 —- — | 38
646 403AA 491 * 19 — — | 38
647 404AA 521 * 9 — — | 38
648 405AA 514 * 19 — — | 38
649 406AA 532 * 19 — — | 38
650 407AA 513 * 9 — —- | 38
651 408AA 527 * 19 —- — | 38
652 409AA 542 * 19 — — [ 38
653 410AA 492 * 9 — — I 38
654 411AA 522 * 9 — — I 38
655 412AA 477 * 19 — — | 38

Tests 656 - 670 involved a gage length of 10 mm and a coupon width of 3 mm (strain rate effect tests).
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[EST & MAX R I% E e CYCLES WDTH
SAMPLE STRESS GPa % TO FAIL (uy)
ID # MPa and Notes
656  413AA S I3
657  414PA G R I 3
658 415AA 389 " 2 — | 3
659 416AA <4 . 2 — | 3
660 417AA 365 . 2 — | 3
6l  418AA a8 — I3
662 419AA 378 . 2 — _ | 3
663  420AA a T 2 — I 3
664 421AA 4 T 2 — — I3
665 42AA | T — — I 3
666 423AA HA . 2 - __ | 3
667 424AA U1 . 2 - | 3
668 425AA 34 . 2 — _ | 3
669  426AA 8 T 2 — I3
670 427TAA 386 2 -_ | 3
Tests 671 - 685 involved agage length of 133 mand a.coupon widkth of 44 mm (strain rate effect tests).
671 428AA . 22 _— — | 4
672 420AA 528 . 22 — B | 4
673 430AA 503 . 22 - — | 44
674 431AA 540 . 22 — | 44
6/5 432AA 520 . 22 -_— — | 44
676 433AA 56 Y 2 — |
677 434AA 5% . 22 - — | yiv|
678 435AA 546 N 22 - — | 44
679 436AA 559 N 22 — | 4
680 437AA 525 . 22 - — | 1
681 438AA 547 N 22 — | 44
682 439AA 533 N 22 -_ | 44
683 440AA 523 N 22 - — | 4
634 41AA 520 . 22 -_ | 44
685 442AA 552 | 44
Tests 707 - 716 involved agage length of 10 nmaml acoupon wdh of 3 mm (strain rate effect tests).
07 464AA T2 I 3
T8 465AA -371 T2 — 13
709 466AA I | 3
710 467AA -313 . 2 _— — | 3
7L 468AA ¥ T 2 — — I 3
712 469AA BT 2 — — I3
713 470AA -319 " 2 -_— | 3
714 471AA -34 « 2 -_— | 3
75 472AA % T 2 — — I 3
716 473AA -334 2 — | 3
Tests 717 - 726 involved agage length of 76 mmand acoupon wdth of 25 mm (Strain rate effect tests).
717 474AA 311 « 13 | 5
718 475AA -313 N B — — | 5
719 476AA =311 N 3 — — | 5
70 ATIAA @ T B — — |5
2 478AA -307 B3 -— — | 5



TEST & MAX R % E e CYCLES
SAVPLE STRESS GPa % TO FAIL
ID # MPa

72 4719AA ¥ . 0B - — |
78 480AA A |
74 A81AA 2 T B - |
75 A2AA 36 0B - |
726 483AA -313 13 |
Tests 727 - 746 involved a gage length of 57 nmand acoupon wdlh of 19 mm (strain rate
21 MM 3L X 10 . |
728 485AA 33U 0 - I
79 486AA 3B 7 0w I
730 487TAA -39 . 10— - |
731 488AA ¥k T — |
732 489AA -314 « 10 - - |
73 490AA 3> 0 - I
734 491AA 2 0 I
735 492AA T 0 — I
736 493AA -323 . 10 e - |
3 AUAA 2w |
78 4%BAA 38 F w0 |
79 4%AA 36 F w0 - |
740 497AA -3B1 . 10 e - |
41 498AA -323 . 10 e e |
742 499AA -332 N 10 — — |
743 500AA 2w — |
744 501AA 33 T w0 - - |
745 502AA Z [ w - = |
746 S03AA -320 |
Tests 747 - 756 involved a gage Ierglh of 19 nmaml acoupon vudth of 13 mm(strain rate
747 S04AA BB X 6 s |
748 S05AA 33 T s - |
749 506AA AT s - |
S 507AA 3BT s - |
Bl 508AA & T s — - |
2 509AA -353 . 6 — - - |
753 510AA -355 . 6 — — |
™4 S11AA -329 . 6 e e |
75 512AA A |
756 513AA -3HA |
Tests 757 - 766 involved a gage length of 133 nmand acoupon wdth of 44 mm (strain rate
1Y S14AA -264 : 22 — |
78 515AA -262 " 22 e —- I
759 516AA -265 * 22 — — |
760 S17AA -263 . 22 — — |
76l 5I8AA . M |
762 519AA -273 . 22 — — |
763 520AA -206 . 22 — — |
64 521AA -264 N 22 - - |
765 522AA -269 N 22 - - I
766 523AA -266 22 — |

g
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TEST & MAX R E e CYCES WDTIH

SAMPLE STRESS GPa % TO FAIL (mm)

ID # MPa and Notes
Tests 1233 - 1242 involved agage length of 152 nmand acoqoon width of 50 nm (strain rate effect tests).
1233 A43AA N 5 I 50
234 4A4AA -250 N 25— — I 0
1235 445AA -250 . 5 — — I 50
1236 446AA -250 . 3 — e [ 50
1237 AATAA -249 N 5 — e I 50
1233 448AA -1 N 55— — I 50
1239 449AA -252 N 5 — e I 50
1240 450AA -256 N 5 — — I 50

o4 451AA -249 N 5 - — I 50

1242 452AA -250 5 I 50
Tests 1242 - 1253 involved a gage length of 19 mnard acomon wdlh of 6 mm (Strain rate effect tests).
1243 453AA 374 N 13 I 6

1224 VISYIVAVAY -356 N 3 — — I 6

1245 455AA -368 . 3 — - I 6

1246 456AA 375 N 3 — — I 6

1247 457AA -390 « 3 — e | 6

1248 458AA -366 . 3 — I 6

1249 450AA -356 N 3 — — I 6

1250 460AA -366 N 3 — e I 6

1251 461AA -330 N B3 — e I 6

1252 462AA -364 N 3 — — I 6

1253 463AA =372 13 - - I 6

MATERIAL AA2
Lay-up=[(0/+45)3s, VF=0.39, Ave. thickness =2.63 mm S B. =0.07 mm CoRezyn 63-AX-051 Polyester

Tests 767 - 776 involved agage length of 152 mmand acoupon width of 50 nm (strain rate effect tests).
767 S24AA2 25 |

50
768 525AA2 298 05— — | 50
769 526AA T 5 - | 50
770 52TAA2 -312 N x5 - - I 50
7 528AA2 35X x _ | 50
72 520AA2 -2 N . R - | 50
773 530AA2 3w Y s - | 0
774 531AA2 2 x I 5
5 5RAA2 » T’ - | 5
776 533AA2 -319 % | 5
Tests 777 - 786 involved agage length of 76 rrmandacouponwdlhonS nmm (strain rate effect tests)
7 SHAAA2 -308 13 | 5
778 535AA2 35T B - I 5
779 536AA2 -315 N (CJ— - | %5
780  S37AA2 07 3 - 15
781 538AA2 -317 . i J— - 1 x5
782 539AA2 ;T 0B - | %
8 S40AA2 313 . B3 — I 5
784 M1AA2 -313 « 3 — -— | 5
785 S2AA2 -322 3 — _ I %
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TEST & MAX R E e CYCLES WDTH
SAVPLE STRESS GPa % TO FAL ()
ID # MPa and Notes
786 543AA2 32 * %

Tests 787 - 796 involved agage length of 33 nmand acoupon wdth of 12 nm(strain raleeffect tests).

787 SA4AN2 315 N 6 | 13
788 545AA2 BT T 8 — I B
789 56AA2 -327 N 6 —- —- | 13
790 SATAA2 -300 . 6 - — | 13
1 548AA2 -330 N 6 — — I 13
72 59AA2 -324 N 6 — — I 13
793 550AA2 -340 . 6 e e | 13
e 551AA2 -298 N 6 - - I 13
7% 552AA2 -305 N 6 - o I 13
79 553AA2 -309 6 — —- I 13
Tests 797 - 806 involved a gage length 9f 114 nmand a coupon width of 38 mm (strain rate effect tests)
797 554AA2 310 T 9 - — .
798 555AA2 317 . 9 — -- I 3
79 556AA2 -289 N 9 — — I 3
800 557AA2 -293 N 9 —- -— I 3B
L 558AA2 -29 N 9 — - I 3B
802 550AA2 -295 N 19 - -- I 3
a3 560AA2 -296 N 19 - o I 3B
8 561AA2 -312 N 9 — - I 3B
805 562AA2 01 . 19 — — I 3
806 563AA2 -282 19 I 3B
Tests 807 - 827 involved a gage length of 57 rrmand acoupon W|dth of 19 nm (strain rate effect tests).
807 564AA2 31 N I 19
a08 565AA2 -290 N 10 — — I 19
809 566AA2 -286 N 10— - I 19
810 567AA2 -282 . 0 —- o I 19
81 568AA2 -286 N 10— - I 19
812 569AA2 -282 N 10 — — | 19
813 570AA2 -314 N 10— e I 19
814 571AA2 -276 N 0 — - I 19
815 572AA2 275 N 0 - - I 19
816 573AA2 -276 N 10— - I 19
817 574AA2 -287 N 10— — | 19
818 575AA2 -266 N 10— -— I 19
819 576AA2 -314 N 10— -- I 19
820 577TAA2 -252 N 0 — -— I 19
1 578AA2 -288 N 10— - I 19
822 579AA2 -297 « 10 - e | 19
83 580AA2 -318 N 10— — I 19
824 581AA2 278 N 0 - e I 19
825 582AA2 -281 N 10— — I 19
826 583AA2 -302 N 10— — I 19
827 584AA2 -310 I 19
Tests 828 - 837 involved a gage length of 19 nmand aooupon wdth of 6 mm (Strain rate effect tests).
585AA2 -209 N 13 I 6
829 586AA2 -230 3 — - I 6
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TEST & MAX R I% E e CYCLES WDTH
SAVPLE STRESS Ga % TO FAL ()
ID # MPa and Notes
80  587AA2 25 Y B — |6

&gl 8AA2 213 F 13 s
832 580AA2 -221 B3 — | 6

83  5U0AA o Y B — I 6
84 591AA2 26 T 13 - T
8% 592AA2 20 i J— I 6

86  5BAR2 26 T 0B — |

837 5HUAA2 -221 13 | 6

Tests 838 - 847 involved agage length of JBrrmamIacoqoon wdlhof4 mm (strain rate effect tests).
505AA2 -281 2 - 4
596AA2 239 7 2 - 4
840 597AA2 -252 . 2 -- - 4

gl 5BAN 21 T 4
842 599AA2 =222 . 2 — — 4

43 600AA2 -235 N 2 e - 4

84  B0IAA2 26 Y 2 4
845 602AA2 -241 . 2 e e 4

86  6BAA2 260 T 2 4
47 604AA2 -232 2 4

%
g

|
|
|
|
|
|
|
|
|
|
Tests 848 - 857 involved a gage length of 95 rrmardacoupon wdhof32 m (Strain rate
|
|
|
|
|
|
|
|
|
|

848 605AA2 -318 N 16 32
849 606AA2 -293 N 6 — — 3?2
850 607AA2 -281 N 6 — 3?2
&1 608AA2 -275 N 6 — 3?2
852 609AA2 =272 N 6 —- -- 3?2
853 610AA2 -283 N 6 — - 32
84 611AA2 -320 . 6 — 32
855 612AA2 -262 N 6 — — 3?2
856 613AA2 -304 N 6 — - 3?2
857 614AA2 -303 16 3?2
Tests 858 - 867 involved a gage length of 133 nmamlacomonwdthof44 nmm (strain rateeffectt&ts)
858 615AA2 -268 N 22 |

859 616AA2 -34 N 22 — — | 44
860 617AA2 -322 . 22 — - - | 4
801 618AA2 -2A N 22 — — | 44
862 619AA2 -306 N 22 — - | 44
863 620AA2 -269 N 22 — — | 44
864 621AA2 -283 N 22 — -- | 44
865 622AA2 -309 N 22 — e | 44
866 623AA2 -3056 N 22 — — | 44
867 624AA2 -317 . 22 — - - | 44
868 625AA2 423 N 22 — e | 5
869 630AA2 448 | 5
Tests 870 - 877 involved agage length of 76 rrmend acoupon width of 25 nm(stambrd test).
870 626AA2 517 N 13 230 267 5
871 627AA2 462 N 13 232 2.10 I 5
872 628AA2 494 N 13 2.7 218 I 5
873 620AA2 463 13 22.1 2.10 | )
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TEST & MAX R 9 E e CYCLES  \WDTH
SAVPLE STRESS Ga % TO FAL ()

ID # MPa and Notes

877 630AA2 40 B a1 204 R

Tests 879 - ggs involved agage length of 76 nmand a.coupon width of 25 m (strain rate effect tests).
478 L |

879  63LAA2 13 %
880  632AA2 a8 ¥ B — - I X
8l  633AA /T B - I 5
82  6MAA2 8 ¥ B - — I 5
m e @ B B
85  637AA2 B9 Y B — I %
886 638AA2 524 N B — - - I 5
87  639AA2 48 * B - | 5
888 640AA2 446 13 | 5
Tests 890 - 906 involved ag@lengthgf% ardacaponwdmofBrrm(stralnrateefffecttSts).
80 B42AA2 T 6 | B3
QL 643AA2 486 6 — I 1
82  6MAA G | B
645AA2 s | B
8%  B47AA2 82 T8 I B
8%  648AA2 8 T s — - I B
897  649AA2 8 T s — - | B
8B  650AA2 506 T 6 - - I B
00  652AA2 2 s — - | 1B
RN 653AA2 469 6 — - I B
02 64AA2 a7 s I 1
0B B55AA2 a2 7 s — - |13
V4 B56AA2 509 6 -  — | 13
06 657AA2 a4 v s I B
06 658AA2 451 6 I B
Tests 907 - 916 involved a gage length of 9% nmand acoq:)on vudth of 32 mm (strain rate effect tests).
07  659AA2 -297 16 .
0B 6E0AA2 297 T 1K — — .
09 E6LAA2 2% T 1B - I
910  662AA2 297 T B — <7
91 663AA2 2 K — — .7
912 664AA2 22 . 1.’ - - <
93 665AA2 W T’ - 7
94  666AA2 222 T 1’ — 7.
95  667AA2 a2 | B <7
916  668AA2 -2% 16 7

Tests 917 - 926 involved a gage length of 114 nmand acoupon W|dth of 38 mm (strain rate effect tests).

017 669AA2 207 ) 19 | B
018 670AA2 279 . 9 - | 3B
919 671AA2 282 ) 9 - — | B
920 B72AA2 21 N 9 — | 38
o 673AA2 283 9 — | 38
92 674AA2 278 : 9 — I 33
93 675AA2 287 N 9 — — I 3
04 676AA2 276 19 _— | 33
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TEST & MAX R E e CYQALES  WDTH
SAVPLE STRESS Ga % TO FAL (M)
ID # MPa and Notes
P25 6TTIAA 2 T 19— — [

26 678AA2 -276 T - I 3

MATERIAL AA3
Lay-up = [(@45/0)3 ]s, VF=0.51, Awe. thickness =345 mm S.D. =0.15 nm CoRezyn 63-AX-051 Polyester

267 AA3L4 8 T 05 287 23 I 5
2368 AA3LI0 6 T 05 52 24 I 5
269 AA3I09 489 05 253 22 | 5
2870 AA3I06 241 o1 4 265 09 3572 5
271 AA3LI3 21 o1 4 58 0% 4447 5
272 AA3IL 21 o1 4 27 106 206 5
873 AA3L m o1 s 289 08 %518 5
274 AA3I08 2 o1 8 205 057 1768 5
275 AAI02 2 o1 s 284 08 B3 5
276 AA3L07 B o1 B %52 04 900000 2R
27 AA3LIS 30 o1 2 265 1% 8 5
278 AA3LLR 30 o1 2 247 1% 66 5
279 AA3L03 30 91 2 B2 12 82 5
2627 AASL 3 7 B - I 5
2628  AAIR 2 T B - I 5
2629  AA3 220 T B - I 5
2630  AA34 23 B — | 5

MATERIAL AA4
Lay-up = [(#45/0)2]s, VF=0.37, Ave. thickness =5.12 nm S.D. =0.13 mm CoRezyn 63-AX-051 Polyester

B3 AMIA 30 T B 220 2 I 5
3514 AA4101 427 " 13 219 2.10 | 5
26 A ai * B e s B
BI7 AAI 241 01 2 183 1% 128 5
3518 AA4113 241 0.1 2 21.2 119 3,002 5
H19  AMIU 241 01 2 195 14 2752 5
3520 AA4110 207 0.1 4 22.0 108 24,288 5
I AMILR 207 01 4 91 115 19180 5
B2 AMILG 207 01 4 185 1% 159%6 5
F3  AMIO 17 01 5 205 09 179566 25
oo Rovy TR oz
B0 AMIB e | 5
3[L AMI3L 493 i J— _— I %

MATERIAL BB
Lay-up=[t5/02/+45]s, VF=0.42, Ave. thickness=2.67 nm S.D. =0.06 nm CoRezyn 63-AX-051 Polyester

927 BB101 134 * 13 239 337 I p)
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TEST & MAX R E e CYCLES WIDTH
ISSI\/#PLE STI\;RI%S Ga % TO FAL (M)
and Notes
?8  BBIR ™ T B A48 2% | 5
929 BB103 735 i 13 248 3.37 | 5
930 BBI 13 703 13 259 291 | 50
Bl BB109 414 0.1 2 254 163 550 Stb
932 BBI 19 414 0.1 2 238 174 673 St
933 BBI 18 414 0.1 2 250 171 512 St
o4 BBI 17 345 0.1 5 265 13 1,810 5t
935 BB124 A5 0.1 5 273 126 2,415 sy r: o)
936 BBI 15 45 0.1 5 238 145 2,585 St
937 BB123 276 0.1 10 26.8 109 18,755 5tb
938 BBI 12 276 0.1 10 241 114 12437 50
939 BBI 14 276 0.1 10 25.2 1.20 11,302 5t
A0 BBIIO 207 0.1 15 26.3 0.85 494,149 5t
Al BBI 16 207 0.1 5 258 0.80 197,629 50
M2 BBIII 207 0.1 5 258 081 390,137 5 tb
A3 BB108 241 0.1 5 24.6 1.12 66,612 5t
Y4 BB121 241 0.1 15 24.3 1.02 47,939 5t
u5 BB107 241 0.1 5 243 109 84,343 5 tb
A6 BB122 193 0.1 20 25.2 0.78 1,100,000 5t
A7 BB106 193 0.1 20 25.2 0.78 921,400 5t
A8 BB120 193 0.1 20 256 082 1,320,150 Stb
% BRILT M * B us o | e
1L , | St

%L BBIIT 111 o B u3 0w | St
952 BB120T -225 " 13 125 181 | 5
953 BB128T -229 N 13 11.2 1.86 | 5
ggg EE%SY]I—' % N 13 12.2 19 | 5

- 13 — | 5
956 BB141 -325 * B — —- I 5
957 BBM3 -1 * i J— — 1 5
958 BB105 193 0.1 15 26.0 084 707,401 5t
MATERIAL CC
Lay-up = [45/02+45]s, VF=0.39, Awe. thickness =2.44 mm S.D. =0.07 mm CoRezyn 63-AX-051 Polyester
959 CCI105 574 N B 20 274 -
9%60 CCio7 562 N 13 21.1 2.70 | 5
%1 CC102 574 13 20.6 2.78 | Ys)
962 CCl 19 345 0.1 2 25 163 174 25 tab
%3 CC108 45 0.1 2 21.0 184 124 St
%4 21 45 0.1 2 217 179 223 5t
965 CCl 18 276 0.1 4 219 15 1,787 5t
966 CCl 13 276 0.1 4 233 147 2,637 25t
%7 CC14 276 0.1 4 21.2 130 3,029 St
968 CCl 16 241 0.1 10 21.6 1.12 8838 5t
969 Cca1 241 0.1 10 23.3 114 6,956 St
970 CC103 241 0.1 10 223 108 12,015 5t

g7l CCl12 207 0.1 5 29 09 25,203 25 tab
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TEST & MAX R E e CYCLES WDTH
SAMVPLE STRESS GPa % TO FAIL (mm)
ID # MPa and Notes
972 CC120 207 0.1 15 219 1.02 48,080 Stb
973 CC124 207 0.1 15 21.6 106 32,670 5t
974 CCI106 172 0.1 10 21.8 084 228,453 St
975 CCl14 172 0.1 15 232 0.74 205,864 5t
976 Ccllo 241 0.1 10 - — 21,772 5t
977 CCl 15 207 0.1 10 - 158,287 5tb
978 CC123 207 0.1 1S J— - 133,440 5t
979 CC109 207 0.1 5 - 243,962 5t
980 CC137 207 0.1 5 - — 531,499 5
981 CC13% 207 0.1 15 207 1.00 631,495 5
932 CC130 207 0.1 15 20.2 1.02 486,225 5
983 CC14 276 0.1 10 - - 50,289 5
934 CCl31 276 0.1 10 - - 30,467 5
985 CC133 276 0.1 10 — — 38977 5
986 CC132 345 0.1 2 — — 2,979 5
987 QCl143 345 0.1 2 — - 4,476 o)
988 CCl144 345 0.1 2 - - 4,807 5
939 CC142 531 N B3 — -— | 5
990 CC140 562 N 3 — —- | 5
3052 CCI160 475 . 3 — -— | 5
3053 CClel -442 13 | 5

MATERIAL CC2
Lay-up= [+45/0/+45]g, VF=0.45, Ave. thickness =2.69 mm S.D. =0.03 nm CoRezyn 63-AX-051 Polyester

*

991 o101 746 . 13 270 2.78 | 5
992 CC2103 730 . 13 269 2.86 | 5
993 CC2102 701 13 270 281 | 5
oA CCc2106 414 0.1 5 256 162 4,104 5
9% CC2106 276 0.1 5 - = 168,303 5
99 CC2116 276 0.1 10 - - 132591 5
997 CC2108 276 0.1 10 - - 176,536 5
998 cc211 414 0.1 5 - 2231 5
999 CcC2113 414 0.1 4 — — 2,820 5
1000 cc2107 45 0.1 10 — - 21,413 5
1001 cc117 A5 0.1 10 — - 16,914 5
1002 CC2110 45 0.1 10 - — 21,965 5
1003 CcCc2109 207 0.1 20 — - 1,873,767 5
1004 CcC2115 683 N B3 — — | 5
1006 cC114 695 N 3 — — | 5
1006 cc2112 735 N 3 — — | 5
1842 cc2201 -555 N 13 — | 5
1843 CcCc2202 -500 N (1 — | 5
1844 CcCc2119 -526 3 — — | 5
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TEST & MAX R E e CYCLES WDTH
SAVPLE STRESS GPa % TO FAIL ()
ID # MPa and Notes

MATERIAL CC3
Lay-up = [0/+45/02/+45]s, VF= 045, Ave. thickness = 2.74 nm SD. = 0.06 nm CoRezyn 63-AX-051
Polyester

1007 CC3lol 60 T 05 61 264 | 5
1008 CC3102 657 N 05 258 254 | 5
1009 CC3103 700 05 269 2.60 | 5
1010 CC3107 414 0.1 5 — 1324 5
1011 CC314 414 0.1 5 _ 5,122 5
1012 CC3105 414 0.1 5 _ 4241 5
1013 CC3108 276 0.1 10 — — 186,787 5
1014 CC3106 276 0.1 10 — — 226,915 5
1015 CC3109 276 0.1 10 — — 169,059 5
1016 CcC3111 414 0.1 5 _— — 4,469 5
1017 CC3110 345 0.1 5 _ — 26,235 5
1018 CC3113 45 0.1 5 — — 31,512 5
1019 CC3112 A5 0.1 5 — — 28,465 5
1020 cC3121 241 0.1 5 — — 371,472 5
1021 CC3120 241 0.1 20 — S 428,636 5
1022 CC3124 207 0.1 5 - — 2,016,665 5
1848 CC3200 -570 3 — — | 5
1819 OC3NL 589 0 B — @ — I 5
1850 CC3202 -513 13 I 5
MATERIAL CH

Lay-up=1 VF—0.45, Ave. thickness = 3.86 nm S.D. =0.04 nm CoRezyn 63-AX-051 Polyester
154 CHICS B B B4 12 | 5
1255 CHI 19 162 N 13 137 17 | 5
125 CHI 12 139 13 12.8 15 | 5
1257 CHIl 108 0.1 2 134 0.97 3591 5
1258 CHICs 103 0.1 2 123 093 1545 5
1259 CHI 16 86 0.1 5 135 0.64 2,886 5
1260 CHI109 69 0.1 5 135 051 37,378 5
1261 CHI 17 52 0.1 15 17 0.44 5,000,000 SR
1262 CHI 14 103 0.1 2 136 0.4 920 5
1263 CHI 13 86 0.1 4 141 091 5,340 5
1264 CH107 86 0.1 4 143 092 4,604 5
1265 M 69 0.1 5 138 059 73,763 5
1266 CH106 69 0.1 5 143 0.64 28,432 5
1267 CH128 137 13 137 14 | 5
1268 CH125 62 0.1 10 141 051 327,862 5
1269 CH126 62 0.1 10 130 0.60 250,000 5
1270 CHIIO 62 0.1 10 14.0 055 171,332 5
1271 CHI31 -190 01 — — I 5
1272 CHIAL 1™ Y o — — | 5
1273 CH152 -171 01 — — | 5
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TEST & MAX R I% E e CYCLES WDTH

SAMPLE STRESS GPa % TO FAIL (mm)
ID # MPa and Notes
1274 CH137 -124 10 2 — — 433 5
1275 CH134 -124 10 2 — e 870 5
1276 CH136 -86 10 5 — - 61,185 5
1277 CH138 -86 10 10 — 31,317 Ys)
1278 CHI139 -89 10 20 - - 1,317,352 o)
1279 CH145 -103 10 5 — — 5,030 5
1280 CH144 -103 10 5 — — 9,428 )
1281 CH152 -124 10 2 — —— 956 5
1282 CH132 -103 10 5 - — 6,653 5
1283 CH133 -89 10 20 — - 1,125,335 )
1284 CH135 -86 10 10 - — 76,452 5
1372a  CH146 -171 13 | 5

MATERIAL CH2
Lay-up = [(45/0/+45)]s Vo= 041, Ave. thickness = 378 mm SD. =0.10 nm CoRezyn 63-AX-051
Polyester

1349 CH2116 W T B 160 2z I 5
1330 CHI0L ¥» . B 12 2 I 5
16l CH207 367 B 179 206 I 5
132 CH103 241 o1 2 164 180 36 5
1356 CH2112 241 01 2 162 220 221 5
137 CH2109 207 o1 4 166 1M 2148 5
1388 CH15 207 o1 4 165 177 197 %
139 COHUB 2 o1 5 159 1% 126 5
130  CH206 138 o1 5 167 110 0013 5
1361 CH21111 103 0.1 20 17.2 0.64 1,855,170 )
132 CH7 207 o1 2 168 1R 132 5
138 CH14 m o1 4 170 15 9910 %
134 OHI06 m o1 4 174 123 897 5
136 CH210 13 o1 10 148 114 54659 25
136 CHI08 3 o1 5 169 097 37586 5
1367 CH2102 121 0.1 10 180 077 97564 5
138  CH9T w7 T 1B 124 264 | 5
1399 CHI04 3 T B 165 28 I 5
130  CH46T 134 13 126 — I 5
71 oM 122 T 13 123 — I >
1372 CGH19 -342 B — - I 5
1373 CH2130 3BT B I 5
1374 CHAR8 3O T B - — I 5
13 CHM6T  -171 B — - R
1376 CH127 216 10 2 — ¥ 5
137 CH2%6 207 w0 2 — 88 5
1378 CH2126 -207 10 2 — — 192 5
139 CH2118 207 10 2 - -— 248 %
1330  CHa4l A2 w0 5 — 19601 5
181 CH12 A2 w0 5 — - 1540 %
132 CH119 138 10 20 - - 871,785 %
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TEST & MAX R I% E e CYCLES WIDTH
SAVPLE STRESS GPa % TO FAIL ()
ID # MPa and Notes
1333 CH2121 -172 10 5 - — 14,149 5
1334 CH2133 -155 10 10 — — 166,026 5
1385 CH2125 -155 10 15 83,700 5

MATERIAL CH3
Lay-up = [(#450/+45)]s V= 0.36, Ave. thickness =4.19 mm SD. = 0,07 mm CoRezyn 63-AX-051
Polyester

*

1386 CH3106 -326 N 13 — | 5
1387 CH3117 -319 . B — = | 5
1388 CH3111 -309 B — __ | )
1339 CH3106 -207 10 2 — — 238 5
1390 CH3109 -207 10 2 _ — 159 5
1301 CH3110 -172 10 5 — 1331 5
1392 CH3115 -172 10 4 _— — 760 o)
133 CH3108 -138 10 5 — 23,189 5
134 CH3102 -138 10 5 — — 14301 5
13% CH3103 -207 10 2 _ — 204 5
139% CH314 -172 10 4 _— 982 5
1397 CH3107 -138 10 10 _ — 27,750 5
138 CH3101 -121 10 5 — — 141,901 5
139 CH3112 -121 10 5 — — 81,244 5
1400 CH3118 -121 10 20 — — 164,715 5
1472 CH3124 333 N 13 173 271 | 5
1473 CH3135 340 . 13 165 285 | 5
1474 CH3131 336 13 161 2.74 | 5
1475 CH3125 241 0.1 2 16.6 223 173 5
1476 CH3132 241 0.1 2 161 285 174 5
1477 CH3136 241 0.1 2 159 2.26 1A 5
1478 CH3122 207 0.1 2 168 159 1,166 5
1479 CH3134 207 0.1 2 170 169 1270 5
1480 CH3128 207 0.1 2 156 18 814 5
1481 CH3119 172 0.1 5 178 119 8478 5
1482 CH3129 172 0.1 4 16.6 13» 12,387 5
1483 CH3123 172 0.1 5 183 15 14,410 5
1484 CH3126 138 0.1 10 17.2 095 282,621 5
1485 CH3121 138 0.1 5 157 14 200,174 5
1486 CH3130 138 0.1 10 181 091 429,020 5

MATERIAL CH4
Lay-up = [(+45)3s, ViF=0.40, Ave. thickness = 2.92 mm) S.D. =0.08 mm CoRezyn 63-AX-051 Polyester

*

77 S e 7 BV < B | >
we  oHIs3 Al T B — | >
W47 CHA9 173 B — — | >
W8 CHM0 24 10 2  — — w5
we  CH% 124 w0 1 — — : -
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[EST & MAX R I% E e CYCLES WDTH
SAMPLE STRESS GPa % TO FAIL (mm)
ID # MPa and Notes
1450 CH4141 -124 10 | — — 256 5
1451 CH4137 -103 10 2 — 1313 5
1452 CH4142 -103 10 2 - —- 1,883 5
1453 CH4126 -103 10 2 — e 873 5
1444 CH4128 -86 10 5 - — 21,748 5
145% CH4130 -86 10 5 - - 13,364 5
1456 CH4131 -86 10 4 - — 11,200 5
1457 CH4125 -69 10 5 - - 206,018 5
1458 CH4135 -69 10 10 - - 564,767 5
1459 CH4122 -69 10 5 - - 485,632 o)
1509 CH4106 160 N 13 11.0 641 | 5
1510 CH4114 157 N 13 11.2 515 | 5
1511 CH4115 149 13 114 6.35 | 5
1512 CHA117 108 0.1 2 114 170 198 5
1513 CH4107 103 0.1 2 11.0 180 287 5
1514 CH4110 108 0.1 2 124 140 314 5
1515 CH4118 86 0.1 4 1.7 138 1,319 )
1516 cHi111 86 0.1 2 12.1 0.99 2311 5
1517 CH4113 86 0.1 4 109 124 1,186 5
1518 CH4102 69 0.1 10 11.2 0.82 7,072 5
1519 CH4119 69 0.1 10 10.7 0.79 10,172 5
1520 CH4103 69 0.1 10 12.2 0.64 15,843 5
1521 CH4101 52 0.1 20 11.1 052 342,135 5
1522 CH4116 52 0.1 20 - - 224519 5
1523 CHA104 52 0.1 20 12.2 047 1,136,938 5

MATERIAL CH5
Lay-up —(45)3s, VF=0.28, Ave. thickness = 305 nm S.D. =0.09 mm CoRezyn 63-AX-051 Polyester

*

1460 CHb126 -190 N 13 | 5
1461 CHp123 -190 N 3 — -~ | 5
1462 CHb119 -190 3 — e | 5
1463 CHp127 -86 10 10 - - 131,302 5
1464 CHb5128 -121 10 2 - — 1548 5
1465 CHo129 -121 10 2 — — 2,777 5
1466 CHB125 -121 10 2 — e 2,989 5
1467 CHb118 -103 10 4 — — 12,027 5
1468 CH5120 -103 10 5 - — 9,130 5
1469 G121 -103 10 5 — — 18,621 5
1470 CHe122 -86 10 5 - - 329,191 5
1471 CH5124 -86 10 5 - - 277,202 5
1524 CHbp112 147 . 13 98 412 | 5
1525 CHb103 134 N 3 75 —- | 5
1526 CHb105 137 13 90 -— | 5
1527 CHb115 86 0.1 2 83 — 1,140 5
1528 CHb101 86 0.1 2 83 — 1310 5
1529 CH5106 86 0.1 2 8.1 169 749 5
1530 CHb102 69 0.1 4 8.1 095 11,184 5



TEST & MAX R
SAMPLE STRESS
ID # MPa
1531 CH113 69 01 5
1532 CH14 69 0.1 4
1583  CHpl14 52 0.1 5
154  CHB107 52 0.1 12
155 OBl 52 01 10
‘géeg%s 3557 - 3583 involved agage length of 13 nm (strain rate effect t&cts)
aHb121 19 0.025
368 CHbl44 202 T 005
¥  CHeIR -189 - 0.025
30  CHEI2 214 i 0.254
¥l CHBIA 207 0.254
362 CHBIB 213 * 0.254
363  CHB145 213 * 254
3564 CHb147 206 * 254
365 CHbL6 29 T 25
B6  CHB148 230 6.35
3567 CH5124 225 * 6.35
3 OHELA 216 * 6.35
369 CHB140 23 * 127
B0 OBl 225 * 127
Bl GBI 23 7 127
B2 COHBLI8 27 191
B3 CHBLS 24 T 191
B4 CHEIR 207 191
3575 CH5120 242 N 254
BB CH5136 242 N 254
3577 CHb137 211 N 254
BB COHBLN 23 635
BMY  CHB19 233 * 635
B0  CHbBL16 215 * 635
3 CHBLP 241 7 127
B CHBI6 239 127
BB CHB127 228 * 127
'3%455 3557 - 358130énvolved agage Ierglh of 100 nm(strain rateefffecttests)
CHb. 120 0.025
¥H  CHel4 120 * 0.025
¥  CH511L 120 * 0.025
37 CHBLL2 5T 024
¥ CHB110 126 . 0.254
B  CHB109 126 N 0.254
BN  CHBL07 126 N 254
301 CH5108 137 N 254
FP  CHIR 13 N 254
¥B  CH5108 137 N 127
FY  CHBLI3 1% N 127
¥%B  CHBI06 1% N 127
F%  OHBl0L 137 N 635
¥7  CHB1M4 142 635

334

E e
GPa %
8.8 0.9
90 090
8.7 0.63
85 0.63
8.3 0.65

CYCLES
TO FAIL

17,929
14588
113,426
282,007
181,712

WDTH

(mm)
and Notes
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TEST & MAX R E e CYCLES  WDTH
SAVPLE STRESS Ga % TO FAL (")
ID # MPa and Notes
3B CHBL14 B * &35 - — | Btb

MATERIAL CHs
Lay-up = [45/0/+45]s, V=0.49, Awve. thickiness =2.26 nm S.D. =0.09 mm CoRezyn 63-AX-051 Polyester

1416  CHpB106 413 * B I

1417  CHbl14 31 * B - | %
1418  CH6L05 428 * i J— - I 5
S Ty o o2
- 10 10 — e 20,605 5

1421 CHe107 -207 10 5 — - 38711 5
1422 CHo101 -241 10 4 - — 10,088 5
1423 CHo6112 -241 10 4 - — 11,950 5
1424 CH6102 -241 10 4 — —_— 8,842 5
1425 CH6109 -276 10 2 — — 2,727 5
1426 CH6110 -276 10 2 — —- 1,373 5
1427 CH6119 -276 10 2 - e 840 5
1428 CHe14 -172 10 20 — — 830,742 5
1429 CHo6118 -172 10 20 - — 1,628,900 5
%g %% 510 . 13 225 3 | 5
500 N 13 21.6 298 | 5

1489 CH6133 495 13 229 3.24 | 5
1490 CH6140 345 0.1 2 209 2.11 284 5
1491 CHe127 45 0.1 2 20.0 224 189 5
s oex a0 o . @5 w2
0.1 2 1 %61 5

1494 CHo124 310 0.1 2 29 176 758 5
w oo B onoomox m o2
0.1 2,224 5

1497 CHol131 276 0.1 4 21.1 160 1,490 5
1498 CH6125 276 0.1 4 24 141 2,153 5
1499 CH6126 241 0.1 5 21.8 130 4,278 5
1500 CH6129 241 0.1 10 21.0 129 6,877 5
1501 CH6135 207 0.1 10 230 104 13,309 5
1502 CH6132 207 0.1 5 22.1 14 15,150 5
1503 CHe141 207 0.1 5 24 106 11,807 5
1504 CH6122 172 0.1 5 217 0.87 44,634 5
1506 CH6136 172 0.1 10 22.1 0.86 37,335 5
1506 CH6137 138 0.1 10 225 0.67 224,743 5
1507 CH6142 138 0.1 10 21.1 0.69 138,170 o)
1508 CH6148 121 0.1 20 205 059 419,563 5

MATERIAL CH7
Lay-up=1(=45)31s, VF=0.55, Ave. thickness = 3.86 mm S.D. =0.05 nm CoRezyn 63-AX-051 Polyester

1401 CHr110 -174 * 3 — — I 2
1402 CHr114 -164 * 3 — — I 2
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TEST & MAX R |9z E e CYCLES  WDTH
SAVPLE STRESS Ga % TO FAL ()
ID # MPa and Notes
1408 CH7109 165 7 B - - I 5
1404 CHr07 A8 w0 2 — 1918 X%
14056 CHI A8 w0 2 — 1783 %
1406 CH7106 18 w0 2 — 30656 %
1407 CHI®8 86 0 5 - - 1642 5
1408 CHI14 -86 10 5 - - 20,747 5
1409 CHM11 -86 10 5 - - - 15,719 5
1410  CH/150 -69 0 20 - @ — 96,200 5
41 cHIR -69 0 20 - - 218521 5
1412 CHrol -69 0 5 - - 16738 X
1413 CHN2 112 N 3 138 1B | >
1414 CHI6 107 N 3 14— | >
1415 CHI 113 N 3 154 - I3
15%  CHr15 115 N 13 157 480 I %
1537 CH7 116 N 3 179 — I >
158  CHr127 112 13 186 — | 5
159  CH71%S 69 o1 5 163 055 4943 5
150  CH120 69 o1 5 172 049 3145 x5
151 CH7119 69 01 5 175 049 3797 5
152 CHA21 52 01 10 178 032 ®285 X
1543 CH7116 52 01 10 165 034 628%2 5
154 CHIB 52 01 10 152 034 116214 %
1545  CH/10 83 01 2 190 070 48 X
1546 CHr118 83 01 2 182 057 520 5

MATERIAL CHs
Lay-up = [(+45)d]s, VF=0.39, Ave. thickness =589 mm S.D. =0.12 nmm CoRezyn 63-AX-051 Polyeste

40 OBl 45 T 1B I 5
1431 CHg128 -145 . 3 — e | 5
1432 CHB122 -148 3 — e | 5
1433 CHB136 -103 10 4 - — 19 5
1434 CHB126 -103 10 2 — — ) 5
1436 CHB125 -103 10 2 —- - 215 25
1436 CH8129 -86 10 2 — — 1242 5
1437 cHs121 -86 10 2 — —— 862 5
1438 CHB127 -86 10 2 — — 719 5
1439 CHB130 69 10 4 — — 2,509 5
1440 CHB139 -69 10 4 — — 3,84 5
1441 CHB135 -69 10 4 - — 1,784 5
1442 CHg124 52 10 5 — - 11,312 5
1443 CHg123 52 10 5 - — 8,752 5
1444 CHB132 52 10 5 - - 36,219 5
147 CHB107 a N 13 94 5.86 | 5
1548 CHB104 97 N 13 98 6.70 | 5
1549 CHg118 0 13 119 743 | 5
1550 CHB116 52 0.1 4 9.0 061 8,968 5
1561 CHB102 52 0.1 4 10.0 0.60 9,804 5
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TEST & MAX R E e CYCLES WDTH
SAMPLE STRESS GPa % TO FAIL (mm)
ID # MPa and Notes
1552 CH3106 52 0.1 5 8.6 0.65 10,105 5
1553 CHB105 62 0.1 2 124 0.60 1,756 5
154 CHg113 62 0.1 2 95 090 1333 5
156565 CHgB119 62 0.1 2 9.2 0.82 1601 5
1556 CHgB115 41 0.1 10 10.7 042 59,831 5
1567 CHB114 4 0.1 10 11.1 040 50,912 5
1558 CHB103 41 0.1 10 94 043 70,962 5
1559 CHg101 A 0.1 5 93 0.37 1,480,988 5

MATERIAL CH9
Lay-l,p: [(x45)3s, VF=049, Ave. thickness =2.13 mm S.D. =0.07 mm OoRezyn 63-AX-051 Polyester

1560  CHI106 7 T 1B 104 770 I 5
1561 CHO113 144 N 13 10.1 5.17 | 5
1562 CHI105 151 13 10.6 9.15 | 5
1563 CHO110 108 0.1 2 10.0 180 250 5
1564 CHo101 108 0.1 2 10.6 170 285 5
1565 CHI114 108 0.1 2 10.8 2.00 294 5
1566 CHOI108 86 0.1 2 10.1 130 1,508 5
1567 CHo112 86 0.1 2 10.8 117 1,901 5
1568 CHI103 86 0.1 2 104 132 2,357 5
1569 CHo107 69 0.1 5 9.7 097 11,702 5
1570 CHo109 52 0.1 20 15 0.46 868,713 5
1571 CHO102 69 0.1 5 8.1 0.90 8,369 5
1572 CHo115 69 0.1 5 103 083 13,987 5
1573 CHo116 52 0.1 15 10.1 04 937,400 )
1643 CHo144 -172 N 3 — — | 5
1644 CHo136 -176 N 3 — | 5
1645 CHI133 -175 3 — -- | 5
1646 CHo132 -121 10 2 e - - 29 5
1647 CHI137 -121 10 4 — — 738 5
1648 CHI145 -121 10 2 — R 352 5
1649 CHo143 -103 10 4 — — 5,842 5
1650 CH9140 -103 10 4 — — 1301 5
1651 CHo134 -103 10 2 - — 2,917 5
1652 CHO130 -86 10 10 - — 68,643 5
1653 CHo138 -86 10 10 - - 39,626 )
164 CHo131 -86 10 5 - 46,815 )
1655 CHo141 -76 10 10 - - 522,908 5

MATERIAL CHIO
Lay-up=1(=45)3., VF=0.33, Ave. thickness =5.56 nm S.D. =0.08 mm CoRezyn 63-AX-051 Polyester

1574 CH10114 124 3 76 717 I pd)
1575 CHI10105 122 3 74 6.42 I 25
1576 CHIOI 15 116 3 77 8.12 I p3)
1577 CHI10113 69 0.1 4 8.1 116 4,432 5
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[EST & MAX R Igz E e CYCLES WDTH
SAMPLE STRESS GPa % TO FAIL (mm)
ID # MPa and Notes
1578 CH10119 69 0.1 4 79 130 2,609 5
1579 CHO 10 69 0.1 2 83 106 5331 5
1580 CH10109 86 0.1 | 8.2 181 201 5
181 CH10104 86 0.1 | 73 2.00 114 5
1582 CHIO 18 86 0.1 | 78 189 187 5
1583 CHO 17 52 0.1 5 85 0.67 506,181 5
1584 CH10103 59 0.1 5 9.2 0.76 72,644 5
1585 CH10108 59 o 1 5 9.1 0.75 63,552 5
1586 CH10121 4 0.85 32,735 5

ﬂecorrpmlongagelengmforﬁEG-IOcolIgorB\Aes%J%rrr]glrstewoflﬁes)tambrdli’amndﬁto
raulic gri restrictions (grip heads would impect with a 13 rmgage length
e s R At

169  CHI0I2 158 ¥ B - -
1670 CH10142 -164 13
1671 CH10130 -121 10 |
1672 CH10149 -121 10 |
1673 CH10151 -121 10 |
1674 CH10139 -103 10 |
1675 CH10146 -103 10 |
1676 CH10133 -103 10 |
1677 CH10138 -86 10 2
1678 CHI10131 -86 10 2
1679 CH10155 -86 10 2 - — 1,948
1680 CHI10135 -89 10 5
1631 CH10144 -69 10 5
1682 CHI10134 -69 10 5
1683 CH10145 -52 10 15

|

|

&
RRRRERRRRRRRRRRR

MATERIAL CHII
Lay-Lp= [xas)3s, VF=054, Ave. thickness =241 mMm S.D. =0.06 mm OoRezyn 63-AX-051 Poly&ter

157  CHM4 18 13 130 678 I 5
1583 CHI 1111 143 N 13 130 6.00 | 5
1589 CHI 1106 12 13 130 e I 5
1590 CH11113 86 0.1 4 14.0 0.98 861 5
1591 CHI 1109 86 0.1 4 138 1.00 1,207 5
1592 CHIlOI 86 0.1 4 131 0.97 1,310 5
1593 CHI 1102 69 0.1 4 152 058 13,430 5
154 CHI 1107 69 0.1 4 140 0.60 18411 5
15% CHI 1106 9 0.1 4 12.0 0.73 11934 5
159% CHI 1103 59 0.1 12 14.0 0.49 85,334 5
1597 CHI 1104 59 0.1 15 136 0.48 120,347 5
1598 CHIINO 5 0.1 15 12.8 051 68,035 5
1599 CH: 1% 5290 0.1 % 130 042 356,380 %
1656 CHI 1 -1 - — |

157 CH19 -8 * B — I 5
1658 CHI 1125 -188 3 — — I 5
1659 CHI 1116 -121 10 2 - - 1,285 5



TEST & MAX R I% e CYCLES  WIDTH
SAVPLE STRESS
ID # MPa and Notes

1680 CH11115 -121 10 2
101 CHI 1118 121 10 2
1662 CHI 1124 -103 10 5
5
5

E
Ga % TO FAL ()
1668  CHI1I23 -8 10 —

I
S
SIEISIISISTS

1664 CHI1121 -103 10 — 21,683
1665 CHI 1117 -86 10 10 — 71,004
1666 CHI 1128 -86 10 12 — 168,236
1667 CHI 1126 -86 10 10 302,383

MATERIAL CH12
Lay-up = [+45/0/+45]s, VI=0.34, Ave. thidkness =300 mm S.D. =0.10 mm CoRezyn 63-AX-051 Polyester

160 CHR4 o/ T 13 158 549 |
01 CHI210 412 Y 13 180 682 |
162  CHI2116 3B B 160 59 |

1603 CHI2121 276 0.1 2 114 1A 2415
1604 CH12108 276 0.1 2 17.7 19 1325
1605 CH12118 276 0.1 2 179 18 2,803
1606 CH12102 207 0.1 10 186 1.20 108,802
1607 CH12101 207 0.1 10 186 129 65,123
1608 CH12117 207 0.1 10 182 129 82,951
1609 CH12107 190 0.1 10 188 113 244,866
1610 CH12119 172 0.1 15 163 119 476,154
1611 CH12106 241 0.1 4 179 149 9,523
1612 CH12105 241 0.1 4 175 160 4914
1613 CH12120 172 0.1 10 187 1.00 389,771
1634 CH12143 -442 N 13 — |
1685 CH12144 -455 . 13 [
1686 CH12133 -455 13 |
1687 CHI2123 -276 10 4

1683 CHI2135 -276 10 2 7611
1689 CH12124 -276 10 4 8,723
1693 CH12137 -241 10 15 - 116,437
164 CH12129 -207 10 5 189 -1.09 1,712,433
16% CH12126 -207 10 15

1696 CH1I2131 -310 10
1697 CHI12140 -310 10
1698 CH12127 -310 10
1699 CH12128 241 10
1700 CH12146 -345 10
11 CH12144 -345 10
1702 CH12145 -345

Tests 3199 - 3219 involved agage Iength of 200 mm(cou
319 CHI1225

3200 CH1226 317
3201 CH1227 2%5
3202 CH1231 2
3203 CH1232 316

—— s NN N
o

*
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TEST & MAX R |9z E e CYCLES  WDTH
mw S1I\;R§§S GPa % TO FAL (M)
and Notes
204 CHIZB 299 * B - | 33
P05 CHRA 308 * B — - [
3206  CHLH 3 * B — = )
3207  CHI2%% 310 N B o 7
208  CHL37 304 N B — T
209  CHI2R 3 N B - - I %
210 CHI29 01 B - - I %
PN CHI240 306 * B — - I 19
P12 CH1241 297 * ( R— - | 19
3213 CHR42 309 - B - - I 19
P14 CHI43 287 % J— — I 13
PI5  CHI44 273 * i J— - I 1B
P16 CHIA4S 278 * B — - I 13
P17 CHI26 x1 * B — — Il 6
318 CH1247 25 * < J— — I s
P19 CHI48 219 * 13 I 6

Tests 3220- 3243 involved a gage length of 13 mn(coupon wdthefffectteﬁts)

320 CcH2IA 32 T 13 | &
321  CHI2I2 33 i S — | &
3222 CHI2123 -330 . B3 — e | 51
P23 CHI214 33 B3 - 1 4
324 CH2s 28 T B - | &
35 CHI26 -33% i Ju— | @
326  CH12127 3% B — - | B
327  CHI2128 37T B - - I 3
3228  CHI2129 a1 T (< S — | B
3229  CHI210 -334 [ S |
3230  CHI211 401 * B - - I R
331 CHLIL LT B I
3232 CHII3 < i S | %
B CHI214 3BT B - I %
323 CHII5 k2T i J— - I 5
3235 CHI216 36 T B — I 19
323  CHI217 -1 ) i J— - I 19
3237  CHI218 <7 S B — — I 19
3238 CHI219 34 B - | 13
3239  CHR2 -328 i S — I B
240  CHI21 B4 B — | 13
M CHLZ 3B B - o I 6
242  CHLRR -352 B — - I 6
43  CHI4 29 13 I 6
Tests 3301 - 3318 involved agage length of 100 nm(straln rateefffect t%ts)

301 CHI200L . 005 I 5
3302 CHL2002 328 o0 - | 5
303  CHI2003 45 005 — @ — | >
B4 CHR4A % T 0B - I 5
305 CHI005 383 05— - = s
3306  CHI2006 379 05 - 1 %
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E e CYCLES WDTH
TO FAIL

;

Ro

-
=)
g

3307 CH12007 430

3310 CH12010 440
31 CH12011 420
3312 CH12012 443
3313 CH12013 455
3314 CH12014 480
3315 CHIL2015 472
3316 CH12016 437
3317 CHI12017 485
3318 CH12018 484
Tests 3319 - 3336 involved agage length of 13 mn(straln rateeffect t&cts)
-408 0.025

0% 3k % ok X % ok % X *

*

S I I R,
\

BRRRBERRRRERRRRRRENHEREE RREERERERRENR %3
&

B19  CHINS ) |
B0 CHR06 44 T 005 - |
3 CHRoZ 37 T 05— |
B2 CHRB 45 T 05 — |
BB CHR09 46 7 05 o - |
3324 CH12030 -443 0% — —- I
35 CHR03L 447 T 254 |
36 CHR02 48 T 254 |
327 CHR08B 424 Y 254 |
2% CcHR013 W T B |
2B CH20M4 BT B |
3234 CHR0B ¥ T B |
3B CHRH 42 T B’ |
39 CHRB 50 T’ |
330 CH286 42 T X |
3B CH207 48 T 64— - |
3P CHR208B 42 T & - |
3B CHRB9 42 T & - |
34  CHI0H 4% - — |
BB OHR0A a9 T 17 |
306 CHR0R2 454 127 |

MATERIAL CH13
Lay-up = [+45/0/445]s, Vp=0.48, Ae. thickness =3.28 mm SD. =0.05 mm CoRezyn 63-AX-051 Polyester

*

1614 CH13113 428 " 13 230 | 5
1615 CH13108 420 N 13 23.2 | 5
1616 CH13107 420 13 22.6 281 | 5
1617 CH13104 276 0.1 2 225 1.68 449 5
1618 CH13114 276 0.1 | 244 17 01 5
1619 CH13111 276 0.1 | 235 181 363 5
1620 CH13103 207 0.1 4 23.2 124 4,078 5
621 CH13109 207 0.1 4 230 124 3,466 5
1622 CH13106 207 0.1 4 233 124 4,587 5
1623 CH13112 138 0.1 10 232 0.70 37,685 5
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TEST & MAX R E e CYCLES WIDTH
SAMPLE STRESS GPa % TO FAIL (M)
ID # MPa and Notes
1624 CH13102 138 0.1 5 231 0.74 31,29 5
1625 CH13105 138 0.1 5 238 0.70 44571 5
1626 CH13101 108 0.1 20 232 0.50 1,067,315 5
1703 CH13127 -406 . B — — | 5
1704 CH13128 -378 N B3 — — | 5
1705 CH13126 -370 B — — | 5
1706 CH13125 -241 10 2 _— 933 5
1707 CH13121 -241 10 2 — — 2,759 5
1708 CH13115 -241 10 4 _ — 4,163 5
1709 CH13116 -207 10 10 _ — 8,887 5
1710 CH13123 -138 10 5 — 2,000,000 5R
1 CH13119 -207 10 10 — 10,738 )
1712 CH13120 -207 10 10 — — 15,164 5
1713 CH13122 -172 10 5 — — 109,685 5
1714 CH13118 -172 10 10 — — 61,058 5
1715 CH13124 -172 10 10 _ — 228,268 5
1716 CH13117 -276 10 | — — 174 5
1717 CH13110 -276 10 | _— 104 5
1718 CH13140 -276 10 | 212 5

MATERIAL CH14
Lay-up = [+45/0/445]s, VIF=0.44, Ave. thickness =249 mm S.D. =0.09 nm CoRezyn 63-AX-051 Polyester

*

1627 CH14112 548 13 230 3.06 | 5
1628 CHIA6 49  * 3 23 34 |5
1629 CH14105 54 13 225 3.69 I 5
1630 CH14104 45 0.1 I 20.6 206 283 5
1631 CH14103 A5 0.1 | 22.1 187 121 5
1632 CH14116 345 0.1 2 21.0 217 266 5
1633 CH14107 276 0.1 4 19.7 165 2,344 5
1634 CH14110 276 0.1 4 20.0 156 1,280 5
1635 CH14113 276 0.1 4 21.2 156 1,709 5
1636 CH14118 207 0.1 10 20.1 1.12 11,600 5
1637 CH14119 207 0.1 10 21.6 1.10 17423 5
1638 CH14102 207 0.1 10 214 1.00 22579 5
1639 CH14115 13 0.1 20 198 0.73 2,054,772 5
1640 CH14120 172 0.1 10 17.7 0.90 69,782 5
1641 CH14111 172 0.1 10 217 0.89 57,256 5
1642 CH14101 172 0.1 10 2.7 0.84 57,107 5
1719 CH14134 -398 3 — — I 5
720  CHM4RA 41 T B —  — | 5
1721 CH14123 -437 3 — — | 5
1722 CH14139 -310 10 2 — — a3 5
1723 CH14140 -310 10 2 _— — 2,756 25
1724 CH14129 -310 10 2 _— — 1,188 5
1725 CH14133 -276 10 5 — — 10,716 25
1726 CH14125 -276 10 4 _ — 16,008 5
1727 CH14128 -276 10 5 — — 11,756 25
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TEST & MAX R E e CYCLES WDTH
SAVPLE STRESS GPa % TO FAIL ()
ID # MPa and Notes
1728 CH14131 -241 10 10 e _ 58,134 5
1729 CH14132 -241 10 5 — — 86,421 )
1730 CH14130 -241 10 10 — — 78,283 5
1731 CH14126 -207 10 20 - - 3,000,000 SR

MATERIAL CH15
Lay-up = [45/0/+45]s, Vi=0.32, Ae. thickness =251 nm S.D. =0.11 mm CoRezyn 63-AX-051 Polyester

72 CHISIY 32 T B - 2
1733 CH15138 -374 . 3 - - [ 25
174 CH15128 -3l 13 - - I 25
1735 CH15142 -241 10 2 - - 996 25
1736 CH15143 241 10 2 - - 542 25
1737 CH15147 -241 10 2 - - 1,345 25
1738 CH15141 -207 10 4 - - 4,825 25
1739 CH15123 -207 10 4 - _ 9,366 25
1740 CH15122 -207 10 5 - - 10,507 25
1741 CH15145 -172 10 5 - - 61,865 25
1742 CH15144 -172 10 10 - - 54,046 25
1743 CH15137 -172 10 10 - - 41,806 25
1744 CH15136 -138 10 20 - - 5,000,000 25 R
1800 CH15105 327 . 13 14.0 3.45 [ 25
1801 CHI5121 308 . 13 15.3 - I 25
1802 CH15114 296 13 15.2 3.79 I 25
1803 CH15118 207 0.1 2 13.6 2.10 403 25
184 CH15116 207 0.1 2 15.0 1.87 608 25
1806 CH15113 207 0.1 2 14.3 2.09 270 25
1806 CH15115 172 0.1 4 14.5 1.44 18,054 25
1807 CHI15117 172 0.1 4 13.4 1.56 16,456 25
1808 CH15104 172 0.1 4 15.0 1.58 11,511 25
1839 CH15103 13 0.1 10 15.7 1.07 132,279 25
1810 CH15106 13 0.1 10 16.4 0.99 350,007 25
1811 CH15102 13 0.1 10 15.3 1.01 465,775 25
1812 CH15101 121 0.1 12 15.4 0.88 1,029,975 25

MATERIAL CH16
Lay-up = [+45/0/+45]s, V=040, Ave. thickness =2.36 nm S.D. =0.06 nm CoRezyn 63-AX-051 Polyester

1745 CH61% 3% 7 B I 5
1746 CH16122 -295 N 3 — - | 5
1747 CH16133 -307 I J— — | 5
1748 CH16123 241 10 | - — 371 5
1749 CH16129 -241 10 2 - — 1,216 5
1770 CH16138 -241 10 | — — 1,010 5
171 CH16124 -207 10 4 — — 7,458 5
172 CH16130 -207 10 4 - — 11541 5
1753 CH16128 -207 10 4 — — 7,137 5
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EST & MAX R I% E e CYCLES WDTH
SAVPLE STRESS GPa % TO FAIL ()
ID # MPa and Notes
14 CH16139 -172 10 5 - — 162,300 5
175 CH16132 -172 10 12 - - 109,008 5
1756 CH16135 -172 10 10 — - 155,530 5
1757 CH16120 -155 10 (S J— - - 596,803 5
1813 CHI 6102 366 N 13 194 313 | 5
1814 CH16104 362 N 13 171 - | 5
1815 CH16105 33 13 183 243 | 5
1816 CHi16101 241 0.1 | 188 173 151 5
1817 CH16115 241 0.1 | 183 189 Vival 5
1818 CH16118 241 0.1 | 199 1.66 580 5
1819 CH16106 207 0.1 2 185 151 2,805 )
1820 CH16112 207 0.1 2 190 148 1,746 5
1821 CH16116 207 0.1 2 179 159 1,203 5
1822 CH16119 172 0.1 4 173 1.21 5,928 5
1823 CH16103 172 0.1 4 20.8 107 3595 5
1824 CH16109 172 0.1 4 21.6 1.01 4508 5
1825 CH16107 138 0.1 5 175 0.89 36,647 )
1826 CH16110 138 0.1 5 177 0.93 47119 5
1827 CH16108 138 0.1 5 16.3 0.95 34,528 5
1828 CH16113 121 0.1 10 182 0.75 163,247 5
1829 CH16140 103 0.1 15 171 0.66 1,247,001 5

MATERIAL CH17
Lay-up = [+45/0/+45]s, V=048, Ave. thickness = 196 mm S.D. =009 nm CoRezyn 63-AX-051 Polyester

178 CHI7ZI0 383 X
1759 CHI7i42 309 X
1760 CHI7M4 292

156l CHI7ZISA 241 10
17&2  CHI7ZIZ 241 10
1763 CHI7TIBS 241 10
1764 CHI7IL 207 10
1765 CHI7I38 -7 10
1766 CHI740  -207 10
1767 CHI7124 172 10
1768 CHI7I34  -172 10
1760  CHI7TM6  -172 10
70 CHI7IYY 155 10
01 CH7oL 3 T
o CHIZ27 M T
198 CHIZ22 369

104 CHIZ205 207 o1
106 CHI7209 207 o1
106 CHI7Z212 207 o1
1907 CHI7Z213 12 o1
108 CHIZ206 12 o1
1909 CHI7216 12 o1
1910 CHI7214 138 os

I
— |

|
— — 822
— — 1359
— - 1847
— —- 2,279
— — 1,767
— — 7,278
rrrrrr - — 227,223
- - 149,828

orortorphd DN 5&&8 = GU‘I-&-&U‘IN NN E\JGB
|
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TEST & MAX, R E e CYCLES  WDTH
SAVPLE STRESS GPa % TO FAL ()
ID # MPa and Notes
1911  CHI720 18 o1 5 166 102 A%\ 5
192 CHI?28 18 o1 5 174 098 21682 5
1913  CHI?208 11 01 5 187 074 M0 X
194 CHI7207 18 o1 5 185 06l 18328 5
195 CHI7215 18 o1 5 172 065 196692 25

MATERIAL CH18
Lay-up = [+45/0/+45]s, Vp=0.47, Ave. thickness =3.10 nm S.D. =0.05 nm CoRezyn 63-AX-051 Polyester

Il CHIBRS 30 T B | 5
2 CHIBLZZ 80 T 0B - [
1773 CHISY 313 B — I 5
4 CHIBI4 241 1 1 - 120 5
s o8l 244 o 1 - N 5
76 CHIBLO 2241 w0 1 - % %
I CHIB2 207 10 2 — - 107 5
1778 CH18123 -207 10 2 — - B 5
79 CHIBI® 207 w0 2 118 %
170  CHI8U8 172 10 4 - 17383 5
178l CHIBL7 12 1 50— 1400 5
172  CHI8I% 12 10 10 o 18452 25
1783  CHI88 18 10 B 64880 5
1784 CH18119 -138 10 10 —— — 82,563 5
1785  CHIBL®  a21 0 B 12648 5
1872 CHI®14 286 Y 13 140 34 I >
1873 CHIRB 32 T B 175 288 I 5
1874 CHIB2 2% B3 170 310 -2
185 CHI&®R 207 o1 2 171 18 W 5
1876 CH18208 201 0.1 2 161 19 187 25
1877  CHIB06 207 o1 2 175 18§ 269 5
1878 CHIB06 12 o1 4 176 145 130 5
189  CHI09 12 o1 4 1Bl 14 144 5
180 CHIBX7 12 o1 4 177 140 1855 %
1881 OHIR 1B o1 4 158 1w 229 5
182  CHI8201 18 o1 5 203 0% 768 5
1883 CHIB20 18 o1 4 177 110 8611 5
884  CHIZM 18 o1 5 177 089 11988 %
186  CHI810 18 o1 5 173 073 B39 5
186  CHIIZ 86 01 10 174 056 585178 %5

MATERIAL CH19
Lay-up = [245/0/445]s, V=0.33, Ave. thickness =4.60 mm S.D. =0.19 nm CoRezyn 63-AX-051 Polyester

1786 CH19142 -256 13 | 2
1787 CH19128 -253 13 | p3)
1788 CH19127 -245 13 I 2
1789 CH19147 -172 10 I 167 2
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TEST & MAX R I% E e CYCLES WIDTH
SAVPLE STRESS GPa % TO FAIL ()
ID # MPa and Notes
1790 CH19134 -176 10 | - 82 5
171 CH19136 -172 10 | — - 56 5
1792 CH19125 -138 10 2 — - - 476 5
173 CH19141 -138 10 I — — 01 5
174 CH19132 -138 10 I — — 1,702 5
1795 CH19143 -103 10 4 - — 28,708 5
179% CH19122 -103 10 5 — — 14,379 5
1797 CH19137 -103 10 10 — — 51,234 5
1798 CH19130 -86 10 10 . — 928,343 )
1799 CH19120 -86 10 15 -— — 622,350 5
1887 CH19201 192 . 13 117 388 I Ys)
1883 CH19210 196 N 13 10.8 38 I 5
1889 CH19207 191 13 11.6 387 | 5
1890 CH19202 121 0.1 4 123 1.21 5,507 5
1891 CH19214 121 0.1 2 121 13% 4,586 5
1892 CH19206 121 0.1 2 119 113 5,100 5
1893 CH19209 108 0.1 5 123 106 32,613 5
184 CH19204 103 0.1 5 127 09 17,152 )
18% CH19203 86 0.1 10 117 0.78 324,779 5
189% CH19205 103 0.1 5 17 106 27183 5
1897 CH19208 86 0.1 10 11.2 0.83 278576 5
1898 CH19220 86 0.1 12 12.2 0.82 423198 5
1899 CHI19211 138 0.1 | 12.0 143 850 5
1900 CH19212 138 0.1 | 17 1% 1414 5

MATERIAL CH20
Lay-up = [(*45)3]s, VF=0.25, Ave. thickness = 3.76 mm S.D. =0.15 nm CoRezyn 63-AX-051 Polyesti

*

3003 CH20116 136 . 13 109 160 |
3004 CH20121 141 . 13 10.2 140 I
3006 CH20115 124 10.6 170 I
3006 CH20101 517 0.1 12.0 052 136,994
3007 CH20107 86 0.1 105 109 1,458
3008 CH20105 86 0.1 119 0.96 1,169

13

12

2

2
3009 CH20106 86 0.1 2
3010 CH20119 69.0 0.1 4
11 CH20113 51.7 0.1 4 ]
3012 CH20110 69.0 0.1 5 10.6 0.83 10,324
3013 CH20114 69.0 0.1 4 ]
3014 CH20131 -232 13
233 13
224 13

*

3015 CH20130
3016 CH20132

=

w

o

3

©

8
RERERRERREIRRED

*

MATERIAL CH23
Lay-up = [45/0/+45]s, VF=0.32, Ave. thickness =2.95 mm S.D. =0.13 mm CoRezyn 63-AX-051 Polyester

3017 CH23111 410 * 13 200 215 | 2



TEST & MAX R E e CYCLES
SAVPLE STRESS GPa % TO FAIL
ID # MPa

018 CHBILR2 3 T 1B 170 23 |
3019 CH23103 402 13 20.6 2.10 |
3020 CHz23104 276 0.1 2 21.2 151 331
21 CH23118 207 0.1 4 172 13b 2311
3022 CH23119 207 0.1 4 178 129 2,59%
3023 CH23110 207 0.1 4 183 124 3,577
3024 CH23114 138 0.1 5 195 0.76 84,04
3025 CH23106 138 0.1 5 182 0.79 69,137
3026 CH23147 -207 10 5 - - 147,440
3027 CH23141 -207 10 5 — — 81,067
3028 CH23160 -444 N 3 — — |
3029 CH23148 -464 N 3 — —- I
3030 CH23144 -435 3 — e I
031 CH23168 -276 10 4 — — 7443
3032 CH23143 -276 10 4 — — 1,786
3033 CH23161 -276 10 4 —- — 6,288
30H# CH23143 -207 10 10 — - 128,233
3035 CHz23121 276 0.1 I 214 1.66 77
3036 CH23109 276 0.1 2 184 198 403
3037 CH23115 138 0.1 10 181 0.79 98,304
MATERIAL DD

Lay-up = [0/+45/0]/+45/0], VF=0.49, Ave. thickness = 2.67 nm S.D. =0.07 nm
CoRezyn 63-AX-051 Polyester

123 DDIOI W T B 39 284 |
1024 DD103 8% N 13 20 307 |
1025 DD102 934 13 0.6 3.10 |
1026 DDl 12 552 0.1 2 314 176 1,065
1027 DD114 552 0.1 2 323 170 807
1028 DD108 552 0.1 2 289 190 631
1029 DDl 18 483 0.1 5 305 158 3,044
1030 DDl 13 483 0.1 5 30.9 156 1,937
1031 DDl 17 483 0.1 5 305 158 2,377
1032 DDl 16 414 0.1 5 3.3 132 4,997
1033 DD119 414 0.1 5 324 127 8,143
1034 DD115 5 0.1 5 324 106 25503
1036 DD104 345 0.1 5 01 114 28,657
1036 DDIIO 276 0.1 5 3H2 0.78 64,373
1037 DDIlI 276 0.1 15 2.7 0.92 87,936
1038 DD106 207 0.1 5 327 0.63 704,401
1039 DD109 207 0.1 15 306 0.68 1,062,397
1040 DD107 207 0.1 20 326 0.63 047 447
183% DD105 -781 N 3 — — I
1836 DD201 -79% (1 J— - - |

WDTH
(M)

3
5
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TEST & MAX R E e CYQES  WDTH
SAVPLE STRESS Ga % TO FAL (M)
ID # MPa and Notes

MATERIAL DD2
Lay-up = [0/45/0]s, VF=0.42, Ave. thickness =2.64 nm S.D. =0.07 nm CoRezyn 63-AX-051 Polyester

1043 DD2106 w7 T 13 286 270 I 2
ﬁé %ﬂﬁ g . 13 300 253 | 5

3 257 290 | 22
1046 DD2105 414 0.1 5 21.2 152 9,691 5
1047 DD2113 414 0.1 5 259 161 6,904 22
1048 DD2107 483 0.1 4 279 180 8383 22
1049 DD2117 483 0.1 4 2.1 185 1,055 22
1050 DD2108 276 0.1 15 25.2 1.10 766,525 22
1061 DD2110 345 0.1 L 272 127 71,702 22
1052 DD2111 345 0.1 20 289 119 59,123 22
1053 DD2109 345 0.1 5 279 123 62,149 22
1060 DD2115 276 0.1 5 247 111 655,028 22
1078 DD2116 276 0.1 20 255 108 697,390 22
1285 DD2171 -579 3 - — | 5
1286 DD2164 09 F B | %
1287 DD2170 -554 3 — —- I 5
1288 DD2163 414 10 2 - — 2311 5
1289 %%gg -414 10 5 e — 3,675 2
1290 -379 10 ) —- —- 24,450 5
1291 DD2167 -379 10 ) - — 18,781 2
1292 DD2152 -345 10 5 — — 82,800 2
1293 DD2153 -372 10 10— - 19,205 2
1294 DD2161 -310 10 20 - e - 636,142 2
12%5 DD2158 -310 10 20 - e 868,215 5
1296 DD2173 -345 10 5 - e 111,458 2
1297 DD2176 -414 10 5 e 3,775 2
1298 DD2162 -345 10 10 e 147,520 25
1299 DD2165 -310 10 20 1,064,781 2

MATERIAL DD2A

Lay-up = [0/+45/0]s, V=042, Ave. thickness =261 nm S.D. =0.12 mm CoRezyn 63-AX-051 Polyester
Due to variations of ultimate strengths with the D155 fabrics (roll-to-roll), a second batch of coupons were
menufactured and tested.

4037 DD2A200 45 0.1 5 283 129 124,809 22 tab
4038 DD2A201 45 0.1 4 21 133 126,545 22 &b
4039 DD2A202 345 0.1 4 285 128 153,886 22 &b
4040 DD2A204 1,015 N 13 315 32 | 22 tab
4041 DD2A205 Y4 N 13 269 35 | 22 tab
4042 DD2A207 998 13 294 34 | 22 tb
4043 DD2A206 276 0.1 10 272 1.02 1,490,033 22 &b
4044 DD2A208 276 0.1 8 28.7 0.9 564,480 22 &b
4864 DD2A212 276 0.1 8 286 1.00 1,849,488 5t
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TEST & MAX R E e CYCLES WDTH
SAVPLE STRESS GPa % TO FAIL ()
ID # MPa and Notes

MATERIAL DD4
Lay-up = [0/+45/0]s, ViF= 050, Ave. thickness =2.36 mm S.D. =0.07 mm CoRezyn 63-AX-051 Polyester

1061 DD4108 276 0.1 5 217 1.00 106,008 22
1062 DD4103 276 0.1 15 286 0.97 TA7T7 22
1063 DD4102 414 0.1 5 2.3 14 6,714 22
1064 DD4113 414 0.1 5 322 128 8,257 22
1065 DD4109 414 0.1 5 0.7 135 8821 22
1066 DD4117 903 N 13 279 330 | 22
%Og %ﬂi a1 N % i23€1).0 291 | 22
068 330 4 2.9 | 22
1069 DD4110 517 0.1 4 3H5 146 1433 22
1070 DD4120 517 0.1 4 _ — 1284 22
1071 DD4104 45 0.1 10 39 1.02 18821 22
1072 DD4111 345 0.1 10 348 0.9 18,293 22
1073 DD4106 45 0.1 10 — 22,542 22
1074 DD4118 276 0.1 15 327 084 118,241 22
1075 DD4115 207 0.1 15 316 0.66 278,835 22
1076 DD4116 207 0.1 20 283 0.73 386,766 22
%%74 %ﬁ% 193 0.1 20 — — 2,426,414 22
-515 B3 — — | 5
136 DD4131 59 T 0B =  — I 5
3083 DD4163 -590 B — — I 5
3084  DD41%6 514 * B — — 1 %
085  DD4ISL -566 * B — — I 5
3105 DD4191 345 -1 2 _ — 972 5
3106 DD4160 45 -1 2 _— — 793 5
3107 DD4165 45 | 2 _ — 1,436 5
3108 DD4106 861 —_— — — | 5
3109 DD4158 207 -1 5 — — 83,385 5
3110 DD4157 276 -1 4 — 13,351 5
3111 DD4167 276 -1 4 — -—— 17873 5
3112 DD4159 276 -1 4 _— — 9,178 5
3113 DD4150 172 -1 8 — — 218504 5
3114 DD4162 207 -1 5 — — 47671 5t
3115 DD4152 207 -1 4 — S 63,270 5t

3116 DD4161 13 -1

=
N

2,000,000 S Rtb

MATERIAL DD5
Lay-up = [0/+45/0]s, VF=0.38, Ave. thickness =2.97 nm S.D. =0.06 mm CoRezyn 63-AX-051 Polyester

1079 DD5113 703 13 26.6 278 | 22
1080 DD5108 740 13 238 310 | 22
1081 DD5112 729 13 237 308 | 22
1082 DD5109 207 0.1 20 25.2 0.82 1,820,826 2R
1083 DD5107 483 0.1 2 241 2.00 2,386 22
1034 DD5116 483 0.1 2 279 172 2,650 22
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TEST & MAX R E e CYCLES WDTH
SAVPLE STRESS GPa % TO FAIL (mm)
ID # MPa and Notes
1085 DD5106 433 0.1 2 26.8 180 1,99% 22
1086 DD5119 414 0.1 5 24.7 167 20,246 22
1087 DD5117 276 0.1 20 241 1.20 1,500,000 2R
1088 DD5104 414 0.1 5 254 163 14,980 22
1089 DD5102 414 0.1 15 281 147 12,469 22
1090 DD5118 276 0.1 20 26.7 103 1,103,247 22
1091 DDb114 345 0.1 15 229 151 127,898 22
1092 DD5103 45 0.1 15 230 150 145,581 22
1093 DD5105 45 0.1 5 252 137 169,754 22
104 DDb5115 276 0.1 20 - — 1,033,583 22
1302 DD5130 -553 N B — — | 5
1303 DD5131 -514 N 3 — _ | 5
185 DD5105 -781 . B — | 5
1836 DD5201 -719% 13 | o)

MATERIAL DD5E
Lay-up = [0/245/0]s, VF=0.36, Ave. thickness = 3.10 nm S.D. =0.07 mm Epon 9410 Epoxy

1859 DD5E406 680 : 13 22.8 293 | 22
1860 DD5E403 662 N 13 22.8 290 | 22
1861 DD5E408 632 " 13 244 2.80 I 22
1940 DD5E419 -528 13 272 - - | o)
1942 DD5E415 531 : 13 272 | o)
1943 DDbE418 -503 13 253 e | o)
1962 DDbE424 -345 10 10 —_ - 334,460 5
1963 DDbE424 -45 10 5 - — 1,176,784 5
1964 DDbE420 -379 10 4 — — 85,056 )
1965 DDb5E426 -379 10 4 — -— 59,318 5
1966 DDbE422 -379 10 4 - — 143526 5
197 DDb5E416 414 10 2 — — 5,232 o)
1968 DDb5E425 414 10 2 — — 7541 5
1970 DD5E421 -345 10 10 - - 1,740,718 5R
1971 DDb5E428 414 10 4 - 3,855 5
1982 DD5E411 276 0.1 10 233 119 348,038 22 tab
1983 DD5E4A9 276 0.1 10 215 131 498,4%4 22 tab
1934 DDsEA0L 276 0.1 10 239 124 899,308 22 &b
1985 DDbE412 45 0.1 5 234 151 34,642 22 b
1986 DD5E405 45 0.1 5 23 1 67,480 22 &b
1987 DD5E410 414 0.1 2 27 183 878 22 &b
1938 DDbE414 414 0.1 2 24.4 176 2429 22
1989 DD5E407 45 0.1 5 27 14 52731 22
1990 DDBE402 483 0.1 | 21.8 228 69 22 tb
1901 DD5E413 241 0.1 15 21.6 119 2,441,332(7) 2
2086 DD5E251 310 -1 2 - - 1, 25
2087 DD5E261 310 -1 2 — — 330 5
2088 DD5E254 310 -1 2 — — u30 5
2089 DD5E252 207 -1 4 — _ 23,990 o)
2990 DDBRE259 207 -1 4 - - 31,172 o)
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TEST & MAX R I% E e CYCLES WDTH
SAVPLE STRESS GPa % TO FAIL ()
ID # MPa and Notes
291 DD5E252 207 -1 4 _— — 92,34 5
2992 DD5E260 172 -1 5 _ — 191,803 5
2993 DD5E258 276 -1 2 _— — 1,072 5
20% DDBE256 276 -l 2 _— 601 5
2995 DDBE257 276 -1 2 -_ 2,665 5
2996 DD5E262 1% -1 10 — — 1,060,993 5
2997 DD5E263 172 -1 10 — — 168,947 5
2998 DD5E250 172 -1 10 — — 305,106 5
299 DD5E270 1% ;I 12 — - 1,463,729 5
3000 DDBE286T 76 . 13 731 104 | 5
3001 DDSE2BIT 73 N 13 8.76 0.84 | 5
3002 DDEE2B0T o4 13 1.24 0.89 | 5

MATERIAL DD5P
Lay-up = [0/+45/0]s, VF=0.36, Ave. thickness = 3,02 nm S.D. =0.08 mm CoRezyn 63-AX-051 Polyester

183  DDsP206 68 T 13 286 2% I 2
1854 DD5P209 682 N 13 24.7 2.76 | 22
1855 DD5P214 617 13 23 2.78 | 22
1871 DDG6P201 241 9.1 15 5.7 0.9 8,000,000 2R
% DD5P228 % * % %‘8 : 222
199 DDSP219 586 * 3 252 — I 5
1953 DD5P215 414 10 2 _— — 5,0% 5
19%4 DD5P224 414 10 2 _— — 94 5
1955 DD5P218 414 10 2 _ 8491 5
1956 DD5P223 -379 10 5 — — 178,704 5
19%7 DD5P225 -379 10 5 _ — 63,853 5
1958 DD5P216 -379 10 4 — — 72,641 5
1959 DD5P217 -345 10 10 — 344,570 5
1960 DD5P226 -45 10 10 — — 424,220 5
1961 DD5P227 -345 10 5 — — 661,103 5
1973 DD5P207 483 0.1 | 24.3 2.20 86 22 b
1974 DD5P205 414 0.1 2 235 18 2,102 22 &b
1975 DD5P203 414 0.1 2 24.3 174 1,045 22 tb
1976 DD5P212 A5 0.1 4 239 148 36,290 22 teb
1977 DD5P204 A5 0.1 5 235 167 43,703 22 teb
1978 DD5P203 45 0.1 5 244 143 28,269 22
1979 DD5P210 276 0.1 10 2.7 124 857,025 22
1930 DD5P211 276 0.1 10 230 1.22 357,553 22 teb
1981 DD5P213 276 0.1 10 213 118 481,129 22 tb
2965 DD5P255 414 -1 2 — — 21 5
2966 DD5P259 A5 -l 2 _— 634 5
2967 DD5P260 45 -1 | _ — 1:2&) 222
2968 DD6P251 345 -1 2 — — 8

2969 DD5P250 310 -l 2 — — 1,360 5
2970 DD5P254 310 -l I — — 163 5
2071 DD5P252 276 -1 2 — — 5179 5
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TEST & MAX. R Q E 0
SAMPLE STRESS Hz GPa /0
ID # MPa

2972 DD5P253 276 -1 2

2973 DD5P257 276 -1 2 —
2974 DD5P256 207 -1 4 — -
2975 DD5P261 207 -1 4 - -
2976 DD5P258 155 -1 10 — -
2977 DD5P262 172 -1 5 - -
2978 DD5P257 172 -1 4 - —
2979 DD5P162 155 -1 10 — —
2980 DD5P263T 53 * 13 8.96 0.59
2981 DD5P264T 54 * 13 8.83 0.61
2982 DD5P265T 56 * 13 8.89 0.63
2983 DD5P269T -170 * 13 e -
2984 DD5P267T -153 * 13 — —
2985 DD5P266T -163 * 13 e
Tests 3150-3180 involved a gage length of 13 mm (width effect tests).
3150 DD5P001 591 * 13 e
3151 DD5P002 -662 * 13 —— —
3152 DD5P003 -674 * 13 — —
3153 DD5P004 -622 * 13 —

3154 DD5P005 -624 * 13 —— -
3155 DD5P006 -616 * 13 ——

3156 DD5P007 671 * 13 e —
3157 DD5P008 -649 * 13 e —
3158 DD5P009 -597 * 13 — —
3159 DD5P010 -604 * 13 ——

3160 DD5P011 -638 * 13 —— —
3161 DD5P012 -695 * 13 - —
3162 DD5P013 -649 * 13 —— — -
3163 DD5P014 -648 * 13 —— — .
3164 DD5P015 -666 * 13 —— -
3165 DD5P016 -650 * 13 — —
3166 DD5P061 -687 * 13 — —-
3167 DD5P062 -634 * 13 —— —
3168 DD5P063 671 * 13 - -
3169 DD5P021 -588 * 13 —— - -
3170 DD5P022 -580 * 13 — -
3171 DD5P023 -630 * 13 — —
3172 DD5P024 -610 * 13 e e
3173 DD5P025 -614 * 13 — e
3174 DD5P026 -550 * 13 e -
3175 DD5P027 -581 * 13 - e
3176 DD5P028 -607 * 13 — —
3177 DD5P029 -495 * 13 [ —-
3178 DD5P030 549 * 13 - —
3179 DD5P031 539 * 13 — —
3180 DD5P032 519 * 13 — —
Tests 3181 - 3198 involved a gage length of 100 mm (width effect tests).
3181 DD5P28 853 * 13 — —

CYCLES
TO FAIL

2,038
2,131
16,718
26,796
986,000
106,267
79,563
561,486

WIDTH
(mm)
and Notes
25
25
25
25
25 R
25
25
25
25
25
25
25
25
25

51
51
51
51
44
44
44
44
38
38
38
38
32
32
32
32
25
25
25
19
19
19
19
13



TEST & MAX. Q
SAMPLE STRESS Hz
ID # MPa

3182 DD5P29 861 13
3183 DD5P30 825 13
3184 DD5P31 824 13
3185 DD5P32 843 13
3186 DD5P33 840 13
3187 DD5P13 852 13
3188 DD5P14 774 13
3189 DD5P15 825 13
3190 DD5P037 787 13
3191 DD5P038 814 13
3192 DD5P039 792 13
3193 DD5P040 737 13
3194 DD5P041 792 13
3195 DD5P042 683 13
3196 DD5P043 536 13
3197 DD5P044 526 13
3198 DD5P045 537 13
Tests 3244 - 3276 involved a gage length of 13 mm (strain rate effect tests).
3244 DD5P17 -502 0.0025
3245 DD5P18 -492 0.0025
3246 DD5P19 -497 0.0025
3247 DD5P40 -582 0.025
3248 DD5P41 -591 0.025
3249 DD5P42 -528 0.025
3250 DD5P43 -626 0.25
3251 DD5P44 -592 0.25
3252 DD5P45 -547 0.25
3253 DD5P46 -585 1.27
3254 DD5P47 -578 1.27
3255 DD5P48 -577 1.27
3256 DD5P49 -588 2.54
3257 DD5P50 -628 2.54
3258 DD5P51 -581 2.54
3259 DD5P52 -653 6.35
3260 DD5P53 -624 6.35
3261 DD5P54 -674 6.35
3262 DD5P55 -671 13
3263 DD5P56 -662 13
3264 DD5P57 -656 13
3265 DD5P58 -697 19
3266 DD5P59 -689 19
3267 DD5P60 -676 19
3268 DD5P61 -678 25
3269 DD5P62 -692 25
3270 DD5P63 -675 25
3271 DD5P64 -692 64
3272 DD5P65 -671 64
3273 DD5P66 -709 64

%

CYCLES
TO FAIL

WIDTH
(mm)
and Notes

38
38
32
32
32
25
25
25
19
19
19
13
13
13

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
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%

CYCLES
TO FAIL

a gage length of 100 mm (strain rate effect tests).

different coupon geometries (standard and

TEST & MAX. R Q

SAMPLE STRESS Hz
ID # MPa

3274 DD5P67 -697 * 127

3275 DD5P68 704 * 127

3276 DD5P69 -665 * 127

Tests 3277 - 3300 involved

3277 DD5P1 552 0.0025
3278 DD5P2 592 0.0025
3279 DD5P3 585 0.0025
3280 DD5P4 624 * 0.025
3281 DD5P5 614 * 0.025
3282 DD5P6 610 *0.025
3283 DD5P7 730 * 0.25
3284 DD5P8 722 * 0.25
3285 DD5P9 705 * 0.25
3286 DD5P10 748 > 2.54
3287 DD5P11 736 * 2.54
3288 DD5P12 757 * 2.54
3289 DD5P13 852 * 13
3290 DD5P14 834 * 13
3291 DD5P15 825 * 13
3292 DD5P16 763 * 25
3293 DD5P17 778 * 25
3294 DD5P18 841 * 25
3295 DD5P19 810 * 64
3296 DD5P20 919 * 64
3297 DD5P21 876 * 64
3298 DD5P22 916 * 127

3299 DD5P23 903 * 127

3300 DD5P24 895 * 127

Tests 3455j- 3533 involved

3455 DD5P550 414 0.1 2

3456 DD5P520 414 0.1 2

3457 DD5P524 414 0.1 2

3458 DD5P511 414 0.1 2

3459 DD5P555 414 0.1 2

3460 DD5P510 414 0.1 2

3461 DD5P501 414 0.1 2

3462 DD5P551 414 0.1 2

3463 DD5P533 414 0.1 2

3464 DD5P517 414 0.1 2

3465 DD5P542 310 0.1 10
3466 DD5P508 310 0.1 10
3467 DD5P521 310 0.1 10
3468 DD5P560 310 0.1 10
3469 DD5P519 310 0.1 10
3470 DD5P544 310 0.1 10
3471 DD5P504 414 0.1 2

3472 DD5P564 414 0.1 2

3473 DD5P503 414 0.1 2

26.7
26.6
23.6
23.6
24.2
26.0
23.5
25.3
25.3
24.2
25.9
23.1
23.6
24.0
24.3
24.3
23.5

1.58
1.64
1.70
1.71
1.72
1.61
1.67
1.65
1.66
1.73
1.26
1.28
1.22
1.31
1.34
1.28
1.69

WIDTH
(mm)
and Notes

25
25
25

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25

mini-coupon) and frequencies.

8,157
12,185
11,533

6,716
12,041

7,640
11,085

9,930

9,191

9,067

514,201
285,386
351,717
345,652
749,084
579,002

9,912
16,271

5,305

22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22 tab
22 tab
22 tab
22 tab
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
3474 DD5P515 414 0.1 2 — - 10,499 22 tab
3475 DD5P525 310 0.1 10 — — 342,738 22 tab
3476 DD5P540 310 0.1 10 — — 228,420 22 tab
3477 DD5P506 310 0.1 10 — — 376,933 22 tab
3478 DD5P541 414 0.1 2 — — 8,883 22 tab
3479 DD5P502 310 0.1 10 24.6 1.30 403,000 22 tab
3498 DD5P605 241 0.1 30 — — 2,820,426 8 tab
3499 DD5P601 207 0.1 40 — 0.89 10,027,337 8 tab
3500 DD5P602 241 0.1 20 — — 1,548,025 8 tab
3501 DD5P601 241 0.1 25 — — 348,666 8 tab
3502 DD5P606 241 0.1 20 — — 1,016,251 8 tab
3503 DD5P614 241 0.1 25 23.6 1.04 2,312,896 8 tab
3525 DD5P612 207 0.1 40 — 0.91 22,002,386 8 tab
3525 DD5P603 193 0.1 45 23.6 0.82 39,082,107 8 tab
3526 DD5P610 414 0.1 2 —— — 8,123 8 tab
3527 DD5P604 414 0.1 2 - 18,264 8 tab
3528 DD5P613 414 0.1 2 — — 8,358 8 tab
3529 DD5P643 241 0.1 10 — — 2,668,144 8 tab
3532 DD5P628 241 0.1 10 — 2,823,516 8 tab
3533 DD5P599 241 0.1 10 — — 3,554,421 8 tab
Tests 3534 - 3556 were run at different frequencies to study thermal and mechanical effects.

3534 DD5P635 310 0.1 10 — — 594,298 8.tab
3535 DD5P634 310 0.1 10 — - 537,593 8 tab
3536 DD5P631 310 0.1 10 —_— — 252,317 8 tab
3537 DD5P637 310 0.1 10 — E— 296,456 8 tab
3538 DD5P636 310 0.1 10 —— — 275,551 8 tab
3539 DD5P627 310 0.1 10 E— — 261,531 8 tab
3540 DD5P638 310 0.1 5 — - 379,674 8 tab
3541 DD5P629 310 0.1 5 — —— 240,098 8 tab
3542 DD5P642 310 0.1 5 — — 458,684 8 tab
3543 DD5P570 310 0.1 2 —_— — 304,764 8 tab
3544 DD5P571 310 0.1 2 — — 227,372 8 tab
3545 DD5P563 310 0.1 2 o S 247,249 8 tab
3546 DD5P633 310 0.1 20 — — 404,285 8 tab
3547 DD5P622 310 0.1 20 — — 432,281 8 tab
3548 DD5P630 310 0.1 20 — — 731,478 8 tab
3549 DD5P620 310 0.1 2 — — 196,929 8 tab
3550 DD5P623 310 0.1 30 — T 59,971 8 tab
3554 DD5P509 310 0.1 | 25.6 1.21 284,133 22 tab
3555 DD5P580 310 0.1 1 — — 213,190 22 tab
3556 DD5P581 310 (_)k.l 1 — E— 198,210 22 tab
3850 DD5P624T -145 > 13 - — | 25
3851 DD5P633T -142 - 13 - - | 25
3852 DD5P625T -158 > 13 — — 1 25
3853 DD5P601T 67 > 13 9.21 1.33 1 25
3854 DD5P602T 65 > 13 8.84 1.28 | 25
3855 DD5P603T 66 13 9.31 1.35 | 25

3856 DD5P604T 24 0.1 10 8.46 0.29 3,846,149 25



ID #

DD5Pe0ST
DD5P606 T
DD5P607T

DD5P609T
DD5P610T
DD5PG11T
DD5PE17T
DD5P612T
DD5P615T
DD5P614T
DD5P616T
DD5PE13T
DD5P661

DD5P632

:

R
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- 110,000,000
- 6,276,710
- 3,601,668
- 6,071,355
- 100,000,000
- 18,077,742
rrrrrrr - 32,308,210
- 100,000,000
- 438,618
- 610,270
rrrrrr - 297,323
- 13,320,248
- 3,809,795
. 8,730,709
- 30,480,698
- 26,841,282
- 47,918,327

%%%%%%%%%MN&NNNNNNNNHN

s Rtb

58

s Rtb
8 teb
8 &b
8 teb
8 tab
8 teb
8 teb
8 teb
s &b

2
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TEST & MAX R E e CYQAES  WDTH
SAVPLE STRESS Ga % TO FAL ()
ID # MPa and Notes

MATERIAL DD5V
Lay-up = [0/+45/0]s, VF=0.36, Ave. thickness =3.05 mm S.D. =0.09 nm Derakare 41 1-C-50 Vinyl ester

18%6  DD5V3LL  ess  » 13 234 300 I 2
1857 DD5V308 672 N 13 25 339 | 22
1858 DD5V303 664 3 217 3.10 | 22
1862 DD5V309 483 0.1 2 25 2.30 283 22
1863 DD5V306 414 0.1 4 22.1 189 5751 22
1864 DD5V301 414 0.1 2 283 1.66 8,529 22
1865 DD5V302 276 0.1 10 258 108 392,541 22
1866 DD5V312 345 0.1 5 229 156 54,570 22
1867 DD5V313 345 0.1 5 24.3 146 68,513 22
1868 DD5V314 345 0.1 5 24.2 152 58,782 22
1869 DD5V310 241 0.1 15 234 1.02 3,673,144 22
1870 DD5V350 276 9.1 5 230 130 618,125 22
1934 DD5V315 -519 3 — - - I 5
5 DDVBIB 58 T B - | 5
1936 DD5V316 538 3 — e | 5
1944 DD5V329 414 10 5 — e 9,981 5
1946 DD5V317 414 10 4 — — 18,310 5
1946 DD5V327 414 10 5 — — 11,920 5
1947 DD5V325 -345 10 10 - - 1,462,167 25
1948 DDbV325 -45 10 20 - - 943,258 5
1949 DD5V319 -379 10 5 - 179421 25
1950 DD5V324 -379 10 5 - - 84,516 5
1%1 DD5V322 -379 10 5 — — 73591 25
1952 DD5V321 -379 10 5 - - 107,610 25
1972 DD5V34 345 0.1 5 239 144 42,916 22 b

MATERIAL DD5V2
Lay-up = [0/445/0]s, VF=0.35, Awe. thickness =3.18 mm S.D. =0.09 nm Derakare 8084 Epoxy Vinyl ester

4367 DD5V2101 276 0.1 10 - -- 3,326,186 22 tab
4368 DD5V2102 414 0.1 4 214 1A 20,070 22 tdb
4369 DD5V2103 414 0.1 3 229 189 35,015 22 tb
4370 DD5V2114 345 0.1 5 21.6 161 454,290 22 tdb
4371 DD5V2110 345 0.1 5 232 153 228519 22 tb
4372 DD5V2112 345 0.1 5 22.2 162 375,206 22 t&b
4373 DD5V2113 414 0.1 4 - —— 18,445 22 b
4374 DD5V2109 798 ' 13 22.2 34 | 22 &b
4375 DD5V2108 757 13 21.0 33 | 22 tab
4376 DD5V2111 807 13 24.1 33 I 22 tdb
4377 DD5V2115 276 7 25 15 3,738,875 22 b
4378 DD5V2150 629 I J—— - | 5

4379 DD5V2153 -597 3 — | 5

4380 DD5V215%6 588 ' 3 — _ | 5

4381 DD5V2157 -414 10 6 - - 366,453 5



TEST & MAX R Q E e CYOLES  WDTH
SAVPLE STRESS Ga % TO FAL  (m)
ID # MPa and Notes
4382 DDBV2I51 414 10 6 - : 1230 %
4383  DD5V2158 414 10 5 - - 63740 25
4384  DD5V2155 M8 10 2 - - 4337 25
4385  DDBV2I2 M8 10 3 - - 11119 25
4385 ~ DD5V2154 48 10 3 - - 259 5
4387  DDV2IT0 -39 10 5 - - 78395 %5
4388  DD5V2160 -39 10 6 - - a2l B
4389  DDBV2I6L U5 | - - % 5
30  DDBV2IB2 345 -l - - 59 %
401  DD5V2168 U5 - - - B 5
432  DDBV2167 310 1 2 - - 165 5
4393  DD5V2166 310 -l - - 1463 5
4394  DD5V2165 310 4 2 - - 3B 5
4%  DDBV2I4 207 1 5 - - 26477 B
43% DD5V2164 172 4 5 - - 471449 5
497 DDBV2I2 IR 5 - - U089 5
4398 DDBV2I7A 12 1 s - - M1295 B

MATERIAL DDs
Lay-up = [0/+45/0]s, VF=0.31, Ave. thickness =353 mm S.D. =0,05 nm CoRezyn 63-AX-051 Polyester

10065 DD6116 602 T 1B 209 28 | 2
109% DD6104 609 " 13 22.6 269 | 22
1097 DD6106 603 13 238 253 | 22
1098 DD6101 414 0.1 5 2.3 18 928 22
109 DD6108 414 0.1 2 214 1A 81 22
1100 DD6111 44 0.1 2 198 209 1,302 22
1101 DD6113 45 0.1 5 193 17 17421 22
1102 DD6103 45 0.1 10 195 176 26,109 22
1103 DD6112 45 0.1 10 19.2 17 18,696 22
14 DD6102 276 0.1 15 215 128 193,637 22
1106 DD6110 276 0.1 10 204 13%6 406,267 22
1106 DD6107 276 0.1 15 2.7 1.22 30000(? 2R
1121 DD6121 447 13 - - 5
1122 DD6150 48 T B - | 5
1126 DD6126 447 . 3 - - | 5
1127 DD6143 -448 N 3 - - | 5
1128 DD6130 -449 N 3 - - | 5
1129 DD6128 -460 3 - - I 5
1140 DD6118 -276 10 5 - - 1,918,022 5
1142 DD6125 -276 10 20 - - 1,223,779 5
1145 DD6124 -345 10 10 - - 54,759 5
1146 DD6123 -345 10 5 - - 35,062 5
1153 DD6109 -379 10 10 - - 15,355 5
14 DD6114 -379 10 10 - - 10,750 5
1158 DD6133 -345 10 10 - - 42,786 )
1159 DD6132 -310 10 5 - - 4723811 )
1160 DD6105 -379 10 5 - - 9,779 5



TEST & MAX R Q E e CYCLES  WDTH
SAVPLE STRESS Ga % TO FAL ()
ID # MPa and Notes
116  DD6I31 30 p B - g 2453 5
1166 DD6l41 475 B - - | =
1167  DD6139 30 10 20 - - 84644 25
1170  DD6LI5 216 10 20 - - 20281 5
1171 DD6130 44 w0 4 - - 1888 5
1172 DD6148 414 4 - - 231 5
130  DD6143 50 B - I 5
101  DD6145 529 B . I 5

MATERIAL DD7
Lay-up= [0/+450]s, VF=0.4, Ave. thickness - 2.11 mm S.D. =0.06 mm CoRezyn 63-AX-051 Polyester

1107 DD7105 837
1108 DD7113 824
1109 DD7107 826
1110 DD7112

| 22
| 22
| 22
| 22

280

269

273

324 259
mi DD7108 483 0.1 325 148 978 22
1112 DD7103 483 0.1 324 152 84 22
1113 DD7111 414 0.1 289 143 3,379 22
1114 DD7110 414 0.1 - - 2,916 22
1115 DD7106 45 0.1 10 - - 9,304 22
1116 DD7109 45 0.1 10 - — 14481 22
1117 DD7104 276 0.1 10 - — 20331 22
1118 DD7114 276 0.1 10 - - 25,746 22
1119 DD7102 207 0.1 20 - - 127,887 22
1120 DD7115 207 0.1 20 - - 94,292 22
1143 DD7131 -276 10 20 - - 2,761,322 5
1144 DD7129 -310 10 20 - - 4,919,032 25
1147 DD7124 577 N 3 - - | 5
1148 DD7133 -605 N 3 - - | 5
1149 DD7118 -562 13 - - | 5
1155 DD7101 -379 10 10 - - 45,445 5
1156 DD7131 -379 10 10 - — 66,177 5
1157 DD7132 -379 10 10 - - 52,848 5
1163 DD7122 -345 10 10 - - 928,436 5
1164 DD7128 -345 10 15 - - 511,438 5
1165 DD7133 -448 10 4 - - 843 5
1168 DD7140 -345 10 20 - — 781,113 5
1169 DD7130 -448 10 4 - — 1,307 5
1173 DD7117 414 10 5 - —- 10,902 5
1174 DD7119 414 10 5 - 844 5
1175 DD7137 -310 10 20 — - 5,322,151 5
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TEST & MAX R Q E e CYCLES WDTH
SAMPLE STRESS H GPa % TO FAIL (mm)
ID # MPa and Notes

MATERIAL DDs
Lay-up= [0/+45/0]s, VF=0.42, Ave. thickness =2.67 nm S.D. =0.06 mm CoRezyn 63-AX-051 Polyester
IViteral is the same as DD2 except thet all the fabric stitching (D155 and DB 120) wes removed

1204 DD8105 483 0.1 4 - —- 12,460 22
1206 DD8106 433 0.1 4 — 7,139 22
% Blggigg jﬂ 0.1 10 22.0 1.88 63,076 22
0.1 10 e - 46,816 22
1210 DDB101 345 0.1 10 — — 298,339 22
1211 DD8111 345 0.1 15 - - 567,522 22
1212 DD8103 483 0.1 4 229 131 5,846 22
1213 DD8104 276 0.1 5 - — 33425 2R
1214 DD8121 45 0.1 10 - — 462 481 22
1215 DDB108 41 N 3 303 244 | 22
1216 DD8115 698 N 13 308 2.27 | 22
1217 DD8120 818 . 13 283 233 I 22
A A B
- — — | )
183  DD8143 576 * B - - -5

MATERIAL DDsA

Lay-up = [0/4+45/0]s, VF=0.42, Ave. thickness =261 mm S.D. —0.08 nm OoRezyn 63-AX-051 Polyester
Stitching wes rermoved fromthe D155 fabric. The DB 120 fabric wes not altered

4031 DD8A103 45 0.1 5 313 115 475,424 22 tb
4032 DD8A105 45 0.1 5 294 1.22 385,518 22 tab
4033 DD8A104 45 0.1 5 28.7 127 321,056 22 &b

MATERIAL DDsB

Lay-up= [0+45/0]s, VF=042, Ave. thickness = 2.64 nm S.D. =0,09 nm CoRezyn 63-AX-051 Polyester
mm renoved fromthe D155 fabric. The DB 120 stitch which stitches the +45 to the -45 ply wes
Each 445 and -45 ply still hed their individual ply stitch intact

4034 DD38B102 45 0.1 5 26.0 129 366,371 22 &b
4035 DD8B105 45 0.1 5 24.7 137 244,659 22 tb
4036 DD8B104 345 0.1 5 278 1.22 199,990 22 tab

MATERIAL DD9
Lay-up = [0/445/0]s, VF=0.54, Awe. thickness =2.03 nm S.D. =0.04 nm CoRezyn 63-AX-051 Polyester
VHtenial is the sarme as DD7 except thet all the faboric stitching (D155 and DB 120) wes removed

1719 DDA101 414 0.1 10 A5 1.20 8,603 22

1220 DD9109 483 0.1 5 3.9 142 2,695 22

1221 DD9116 414 0.1 5 38 123 6,359 22

1223 DD9103 45 0.1 10 33.2 104 29,276 22

1224 DDI104 207 0.1 15 34.6 0.60 432,809 22
13

1226 DD9107 4 _— - | 22
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EST & MAX R I% E e CYCLES WDTH
SAVPLE STRESS GPa % TO FAIL (mm)
ID # MPa and Notes
1227 DD9109 W - B | 2
1228 DD9110 873 13 e | 22
1229 DD9114 483 0.1 4 356 136 324 22
1230 DD9113 345 0.1 10 36.8 093 38,377 22
1231 DDR106 276 0.1 10 — — 9,262 22
1232 DD9113 207 0.1 10 — — 432,480 22
1830 DD9200 513 . B3 — e I 5
1831 DD9202 -603 N B3 — _ | 5
1832 DD9201 -552 3 - - | 5

MATERIAL DDIO
Lay-up=[0/+45/0]s, VF=0.62, Ave. thickness = 1.73 nm S.D. =0.08 nm CoRezyn 63-AX-051 Polyester
IViterial hed all the fabric stitching (D155 and DB 120) rermoved.

*

2820 DDIOIIO 1,045 N 13 428 245 | 22
2821 DD10109 888 ! 13 426 208 | 22
2822 DD10108 935 13 391 240 | 22
2823 DD10107 483 0.1 4 430 1.12 3,132 22
2824 DD10105 483 0.1 4 40.0 1.20 2128 22
2825 DD10102 414 0.1 5 426 118 7,291 22
2826 DDIOIOI 414 0.1 5 437 111 11,251 22
2827 DD10103 276 0.1 10 437 0.59 72,116 22
2828 DD10104 276 0.1 10 432 0.66 94,297 22
2829 DD10106 276 0.1 10 44.6 064 152411 22
2866 DD10127 -525 3 - e | 5
2867 DDWOI1  -B57 T B - I 5
2868 DD10125 -607 B3 — | 5
2869 DD10124 -362 10 20 - — 10,000,000 5R
2870 DD10122 414 10 2 — e 2066 5
2871 DD10123 -379 10 12 - — 798,311 5
2872 DD10128 -379 10 12 — — 576,424 5
2873 DD10126 -379 10 12 — — 1,678,467 5
2874 DD10130 -518 3 — e I 57
2875 DDI10131 -553 * B — — V4
2963 DD10401 -379 10 12 - - 844,707 hes stitch
2964 DD10402 -379 10 12— - -- 553,651 hes stitch
MATERIAL DDI|I

Lay-up = [0/45/0]s, VF=0.31, Ave. thickness =3.19 nm S.D. =0.07 mm CoRezyn 63-AX-051 Polyester
288 DDIMOI 58  * 13 1 270 | 22
284 DDI 1110 642 N 13 193 3.20 | 22
2855 DDI 1102 589 13 188 313 | 22
2856 DDl 113 276 0.1 5 217 128 328,34 22
2857 DDI 114 276 0.1 5 20.0 145 144,473 22
2858 DDI 1106 414 0.1 | 199 208 602 22
2859 DDI 1107 414 0.1 | 174 240 859 22



362

TEST & MAX R 0 E e CYCLES WIDTH
SAVPLE STRESS Hz  GPa % TO FAIL (mm)
ID # MPa and Notes
2860 DDI 1108 414 0.1 I 21.0 2.00 359 22
2861 DDI 1109 45 0.1 2 19.0 1.90 5,733 2
2862 DDI 1106 45 0.1 2 20.3 1.78 4,560 22
2863 DDI 1114 241 0.1 12 20.7 1.20 3,880,803 22
2864 DDinil 276 0.1 5 20.1 1.38 109,080 22
2865 DD11118 345 0.1 2 20.8 1.75 3,741 22
2876 DDI 1128 -331 N 13 - I 5
2877 DDI 1129 -314 " 13 - - [ 5
2878 DDI 1120 -310 13 - - I 5
2879 DDI 1125 241 10 I - - 189 5
2880 DDI 1127 -207 10 2 - - 2,411 )
2881 DDI 1122 -207 10 2 - - 1,882 5
2882 DD11121 -207 10 2 - - 1,530 5
2883 DDI 1124 -172 10 10 - - 137,454 )
2884 DDI 1126 -172 10 10 - - 87,211 5
2885 DDI 1123 -172 10 10 - - 123,600 )
2886 DDI 1131 -155 10 12 - - 356,114 5
3992 DD11T309 b 0.1 I 7.84 1.47 21 o)
3993 DD11T308 21 0.1 4 - - 69,027 5
394 DD11T310 21 0.1 5 8.00 0.25 112,343 5
3995 DD11T315 21 0.1 5 7.94 0.26 104,931 5
3996 DD11T313 17 0.1 10 7.62 0.22 4,000,000 SR
3997 DD11T312 24 0.1 5 8.19 0.30 24,784 5
3998 DD11T301 24 0.1 4 7.41 0.31 10,054 5
3999 DD11T305 24 0.1 4 7.65 0.31 8,202 5
4000 DDI11T311 42 N 13 7.43 0.68 [ 5
4001 DD11T307 43 N 13 8.32 0.53 [ Ys)
4002 DD11T306 A 13 7.64 0.46 I 5
4325 DD11224 103 -1 5 - - 1,695,591 5
4322 DD11227 138 -1 5 - - 79,076 5
4323 DDI 1221 108 -l 5 - - 1,767,448 )
4328 DDl 1213 138 -l 5 - - 40,380 )
4329 DDI 1219 138 -1 5 - - 118,395 )
4330 DDI 1210 138 -l 5 - - 32,677 5
4331 DDl 1212 121 -1 5 - - 269,627 5
4332 DDI 1215 121 -1 5 - - 406,842 5
4333 DDI 1214 121 -1 5 - - 464,001 5
4334 DDI 1223 103 -l 5 - - 2,148,180 5
4336 DD11225 172 -1 5 - - 9,734 5
4337 DDI 1220 172 -1 5 - - 11,680 5
4338 DD11217 172 -l 3 - - 6,888 5
4339 DD11218 207 -l I - - 1,144 5
4340 DDI1211 207 -1 | - - 987 5
4341 DD11216 207 -l | - - 2,953 5
4365 DDI 1244 138 -l 10 - - 1,023,726 5
4366 DD11240 138 -1 10 - - 8,000,000 SR
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TEST & MAX R E e CYCLES  WIDTH
SAVPLE STRESS GPa % TO FAIL (m)
ID # MPa and Notes

MATERIAL DDIIA
Lay-up = (345/04 ¢45), VF=0.31, Ae. thickness =3.38 mm S.D. =0.14 nm CoRezyn 63-AX-051 Polyester

2053 DD11A102  -309 *
254  DDIAIOI 4
2055 DD11A106  -327

BEBEEEE

* % % X

MW DDUAIL 69 183 340
3%  DDIAIO 5% N4 2%
33 DDIIAIN 589 199 303

RERRRH

MATERIAL DD12
Lay-up = [0/+45/0]s, V=043, Ave. thickness =240 nm S.D. =0.11 nm CoRezyn 63-AX-051 Polyester

282 DDI21B 78 Y 1B 260 271 I 22
2843 DDIO W@ T 1B 267 273 | 2
284 DDI2I12 729 B %7 2% | 2
2845 DDI2103 414 o1 2 264 18 4967 22
286  DDI2107 276 o1 12 203 0% 298 22
2647 DDI2I09 276 o1 12 246 112 25250 22
2848 DD12104 241 0.1 12 26.3 0.90 721,943 22
2899 DDIR2UL 35 o1 5 247 146 21280 22
280  DDI2106 35 o1 5 258 14 55126 22
261  DDRIBG 35 o1 5 266 149 50100 22
282 DDI2I01 2756 g1 5 270 106 199436 22
2897 DDI2132  -339 B - — -
288 DDL1BL 23 * 1B - - I 5
2809 DDI130 28 * 13 - - I 5

MATERIAL DD 13
Lay-up = [0/+45/0]s, V=050, Ave. thickness =2.13 nm S.D. =0.12 nm CoRezyn 63-AX-051 Polyesti

2830 DD13111 8% 13 206 2.89 | 22
2831 DD13110 79 * 13 304 263 I 22
2832 DD13113 809 3 329 2.56 | 22
2833 DD13101 414 0.1 4 26.2 160 5769 22
2834 DD13102 414 0.1 4 2.0 139 7806 22
2835 DD13107 45 0.1 5 2.3 126 17253 22
2836 DD13108 207 0.1 12 21.6 077 1397049 22
2837 DD13106 45 0.1 5 312 115 28437 22
2838 DD13105 345 0.1 5 26.9 149 19323 22
2839 DD13113 276 0.1 10 289 097 145120 22
2840 DD13114 276 0.1 10 302 091 85412 22
2841 DD13115 276 0.1 10 317 0.89 12482 22
2887 DD13129 -319 N B3 — — I 2
2888 DD13122 31 N B3 — — I 2
2889 DD13124 -312 3 — — I 2
2890 DD13130 -207 10 2 - -- 180 5
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TEST & MAX R I% E e CYCLES WDTH
SAMPLE STRESS GPa % TO FAIL (M)
ID # MPa and Notes
2801 DD13123 -207 10 2 — _ 9,529 5
2892 DD13127 -207 10 2 — — 4,017 5
2893 DD13120 -172 10 10 - — 59,117 5
284 DD13131 -172 10 10 — — 35,801 5
28%5 DD13128 -172 10 12 — — 45,057 5
2896 DD13126 -155 10 10 443,122 )

MATERIALDD14
Lay-up= [0/+45/0]s, VF=0.35, Ave. thickness =2.71 nm S.D. =0.07 mm CoRezyn 63-AX-051 Polyester

2956 DDl 452 Y 13 I 5
2957 DD14303 -385 N B3 — -— | « 5
2958 DD14302 447 N B3 — — | 5
4064 DD14112 4 N 13 257 31 | 22 tab
% DD141(0§ ™4 N 13 255 305 | 22 tab
DD141 637 13 233 280 | 22 tab
4067 DD14111 345 0.1 2 254 148 5851 22 teb
4068 DD14107 345 0.1 2 26.0 138 8,812 22 tab
4069 DD14109 345 0.1 2 241 1% 6,090 22 tb
4070 DD14104 276 0.1 6 239 109 26,391 22 &b
4071 DD14103 276 0.1 5 5.7 113 25,357 22 &b
4072 DD14102 207 0.1 10 254 0.78 432,261 22 teb
4073 DD14101 276 0.1 5 255 1.20 47,275 22 &b
4074 DD14110 207 0.1 10 51 0.85 513,840 22 tab
4075 DD14108 207 0.1 10 26.0 0.80 210,479 22 tab

MATERIAL DD15
Lay-up = [0/+45/0]s, VF=0.25, Ave. thickness =313 nm S.D. =0.18 nm CoRezyn 63-AX-051 Polyester

*

2959 DD15302 -435 " B3 - - | 5
2960 DD15301 411 « 3 — — | 2
2%61 DD15303 471 3 - - — | 2

MATERIAL DD16

Lay-up= [90/0/+45/0]s, VF=0.36, Ave. thickness =4.62 mm S.D. =0.07 nm CoRezyn 63-AX-061 Polyester
This rreterial is similar to the DD5P coupons except for an additional 90 ply on the outsice.

These additional 90 plies were NOT included in the cross sectional area/ stress calculations, nominal thickness
wes takenas 3.175 nm (So actual true testing stress is 0.68 multiplied by the stress listed.) See the residuel
strength section of this databese for additional tests.

3650 DD16102 414 0.1 2 171 18 32,965 25
364 DD16108 310 0.1 10 181 126 844744 5
3655 DD16101 310 0.1 10 189 124 2714618 25
3656 DD16103 310 o 1 1o 182 127 658704 5
3657 DD16106 310 186 130 523116 5
Test 3690 and 3691 mdfwraokjltlonal 90 plleﬁonmeoutﬂdeover a5 mmlength.

3690 DD16200 310 01 10 — 560000 5R



365

TEST & MAX R E e CYQLES  WDTH
SAVPLE STRESS Ga % TO FAL  (m)
ID # MPa and Notes

3691 DD16202 310
3832 DD16150 -3
3833 DD16151 -406
3834 DD16152 -454

— — 396,989
|

BRES
|
1
BN

MATERIAL DD17
Lay-up = [0+45/0]s, VF=0.37, 0.52, Ave. thickness =2.90 mm 2.09 nm (indentation) S.D. =0.05 mm 0.07
mn%i_}rgerﬁatim), CoRezyn 63-AX-051 Polyester. This meterial hed asurface indentation to locally raise the
VF Tre listed stress does NOT take into account the indentation, (the average stress increase due to this
indentation = 1.39)

W=52%\"1 r=6mm

ViF = 37%%6— r
Side"'/iew

3  DD17104 445 01 2 1317  Btb
3696 DD17106 448 0.1 2 - — 1,210 St
%gg BB%% 33 01 2 — - 8501 Bt

328 0.1 2 - 7151 5tb
%9  DDI17109 165 0.1 0 - - 198817 Xt
3700 DD17110 111 0.1 12 - - 839,958 Stb
3701 DD17111 108 0.1 12 - _ 2,048,532 5tb
3702 DD17112 165 0.1 12 - — 218,200 St
3703  DD17101 787 i J— _— I Btb
3704  DDI17102 784 * i S _— | 5tb
3706  DDI17103 7 * B — _— I Btb
3706  DDI17118 166 01 10 - - 25558 5t
Bomn o%ovop, 0 e gm

- 13 - _— | %Z
3%1 DD17213 427 * B _— | %z
352  DDI17210 -440 * i J— _— | %z
353  DDI7206 276 10 4 - - 87/l BHZ
354  DDI7202 276 10 4 - _— 21582 257
355  DDI7208 -276 10 3 - 4910 257
3956  DDI17207 207 10 20 - - 1184170 25Z
3%57  DD17214 207 10 20 - - 5357313 57
368  DDI17209 207 10 20 - . 808%B 57

MATERIAL DD17A
Lay-up = [0/+45/0]s, VF=0.35,0.44, Ave. thickness =2.83 nm 229 nm(indentation) S.D. =0.15 mm 0.06
nmm(incentation), CoRezyn 63-AX-051 Polyester. This material hes a surface indentation to raise the VE The
listed stress does NOT take into account the indentation, (the average stress increase due to this indentation
=124)

\€ =44%\ 6mm

VF =35%0¢
Side View
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TEST & MAX R E e CYCLES WIDTH
?DA'\;&PLE STI\;RESS GPa % TO FAIL (mm)
and Notes
3875 DD17A127 414 0.1 2 24.3 187 870 5
3876 DD17A106 414 0.1 2 245 1.88 993 5
3877 DD17A116 414 0.1 2 225 2.10 440 SR
3878 DD17A112 345 0.1 4 231 166 1,637 5
3879 DD17A103 45 0.1 4 2.1 152 7,677 5
3880 DD17A113 45 0.1 4 23.2 160 3,156 5
3881 DD17A102 45 0.1 4 238 152 2,866 5
3882 DDI7A109 276 0.1 5 24 130 23,820 5
3883 DD17A101 276 0.1 4 22.1 133 52,327 5
3884 DD17A107 276 0.1 4 22.1 129 15,558 5
% ngﬁllz% %; 0.1 5 33% 0.97 385,099 5
0.1 5 4, 092 186,232 5
3887 DD17A110 207 0.1 5 22.6 0.96 119,502 )
3883 DD17A122 207 0.1 5 255 0.97 170,000 SR
0 DomAL o * B % =
. . | 5
301 DDI7A120 636 * B 243 2@ I 5
3892 DD17A123 207 0.1 5 230 0.96 584,702 5t
3893 DD17A1I04 276 0.1 2 252 118 65,356 5t
384 DD17A108 190 0.1 8 22.6 0.86 843,279 5t
38% DD17A119 190 0.1 8 21.1 0.H 510,998 5t
38% DD17A117 172 0.1 8 229 0.80 6,125,824 5t
3897 DD17A115 345 0.1 2 24.3 164 2414 25 tb
3898 DD17A126 345 0.1 3 25 170 12,349 5tb
3899 DD17A114 276 0.1 4 236 1.20 43591 5tb
3959 DD17A209  -207 10 2 — — 118 57
3960 DD17A214  -207 10 4 — — 584 57
3%61 DD17A215  -207 10 2 — — 506 57
3962 DD17A210  -138 10 10 - - 1,496,838 57
3963 DD17A208 -138 10 25 — — 20,000,000 57ZR
% DD172222% 2188 10 5 — - 499,160 57
DD17A21: -297 13 — | 57
3966  DDI7A216  -243 * B — - | 2%z
3967  DDI7TA217 -5 * B — — | %z
3968 DD17A218  -138 10 10 - — 1,296,088 57

MATERIAL DD 18

Lay-up = [0/+45/0]s, VF=0.34, 040, Awe. thickness =3.35 mm S.D. = 0.07 nm CoRezyn 63-AX-051
Polyester. This meterial hes amid-lanminate 90 degree D155 ply, 4 nmlong and across the width of the coupon,
to locally raise the VF

=A0%
=34%
Side View
372 DD18107 241 01 10 212 112 268,555 5
3’3 DD18112 241 01 10 25 115 328,011 25
3724 DD18111 241 01 10 215 124 463,110 5
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz  GPa % TO FAIL (nm)
ID # MPa and Notes
3725 DD18110 414 0.1 2 24.6 1.91 12,899 25
3726 DD18109 414 0.1 2 22.8 1.99 10,402 25
3727 DD18108 414 0.1 2 22.9 2.05 8,310 25
3728 DD18105 345 0.1 5 23.0 1.66 49,566 25
3729 DD18104 345 0.1 5 23.7 1.47 25,373 25
3730 DD18106 345 0.1 5 22.1 1.48 45,228 25
3731 DD18103 754 . 13 22.3 3.40 [ 25
3732 DD 18102 708 13 21.8 3.30 | 25
3733 DD18101 727 * 13 22.2 —- [ 25
3734 DD 18140 207 0.1 12 23.3 0.90 2,661,881 25
3835 DD 18150 -575 . 13 e e [ 25
3836 DD18151 -466 . 13 - — I 25
3837 DD18152 -484 13 - - I 25

MATERIAL DD18A

Lay-up = [0/+45/0]s, Vp = 0.36, 0.43, Ave. thickness = 2.78 mm, S.D. = 0.08 mm, CoRezyn 63-AX-051
Polyester. This material hes amid-lanminate 90 degree D155 ply, 4 nmlong and across the width of the coupon,
to locally raise the VF

Hz VF =430/0

Vi =36%
Side View

3900 DD18A115 190 0.1
3901 DD18A112 414 0.1
3902 DD18A101 345 0.1
3903 DD18A108 276 0.1
394 DD18A104 414 0.1
3905 DD18A113 414 0.1
3906 DD18A106 207 0.1
3907 DD18A110 345 0.1
3908 DD18A114 345 0.1
3909 DD18A105 276 0.1

BRBEEEE® Nowse Ny oy
B3
[EEN
w
S

3910  DDIBAIO3 276 o 25 129 67612  Stb
211 DDIBAIR 207 o1 282 09 3000000 Rt
3913  DDIBAISO 716 . | XStb
3914  DDISAISL 716 23 307 | 5t
915  DDISAIS2 667  * 233 306 | Stb
/1 DDIBAIA0 30 - - -
3942  DDISALIL 38 T - = I 5
343  DDIBAI4l  -318 S I >
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TEST & WX R o E e CYCLES  WDTH
SAVPLE STRESS Ga % TO FAL (M)
ID # MPa and Notes

MATERIAL DD19

Lay-up = [0/+45/0]s, VF=0.34, 047, Awve. thickness = 3.39 nm S.D. =0.11 mm CoRezyn 63-AX-051
Polyester. This nraterial hes two mid-laninate 90 degree plies, 4 nmlong and across the widith of the coupon,
to locally raise the VF

LM= =47%
U--Vp =34%
Side View
3710 DD19107 414 0.1 2 22.0 2.17 2,235 25
3711 DD19106 241 0.1 8 21.8 1.23 57,266 25
3712 DD19109 241 0.1 5 21.4 1.24 92,441 25
3713 DD19108 241 0.1 5 21.8 1.20 77,008 25
3714 DD19111 155 0.1 12 22.6 0.75 1,354,001 25
3715 DD19110 155 0.1 12 24.3 0.68 955,238 25
3716 DD19101 155 0.1 12 20.5 0.83 3,104,534 25
3717 DD19112 345 0.1 2 — = - 9,055 25
3718 DD19119 345 0.1 | - - 8,722 25
3719 DD19105 716 * 13 21.2 3.4 | 25
3720 DD19104 706 * 13 21.5 3.3 | 25
3721 DD19103 707 * 13 22.4 3.2 | 25
3838 DD19120 -400 * 13 — - | 25
3839 DD19121 -332 * 13 — — | 25
3840 DD19126 -392 * 13 - — | 25
3944 DD19124 -207 10 10 ——— — 93,523 25
3945 DD19125 -207 10 15 - - 3,000,000 25
3946 DD19127 -276 10 10— - — 27,769 25
3947 DD19122 -276 10 5 —_— — = 1,397 25
3948 DD19123 -276 10 5 —_— —_— 18,564 25
3949 DD19131 -241 10 5 - - 5,710 25

MATERIAL DD19A
Lay-up = [0/+45/0]s, VF=0.36, 050, Awe. thickness =2.78 mm S.D. = 0.03 nm CoRezyn 63-AX-051
Polyester. This meterial hes two mid-laminate 90 degree plies, 4 mmwice, to locally raise the

=50%
=36%
Side View

3916 DD19A140 207 0.1 7 237 0.88 31,090 Stab
3917 DD19A117 138 0.1 6 239 0.58 1,250,000 S Rtb
3918 DDI%A118 345 0.1 2 24.0 150 877 St
3919 DD19A106 345 0.1 2 24.6 161 1,088 5t
3920 DD19A128 345 0.1 2 219 169 1590 5t
31 DD19A127 276 0.1 4 24 134 8,594 5t
3922 DD19A121 276 0.1 4 22.8 13» 31,283 5t
3923 DD19AI22 276 0.1 5 235 136 11,012 St



TEST & MAX R Q E e CYCLES WIDTH
iSSI\/PLE STRESS Hz GPa % TO FAIL (mm)
# Npa and Notes

3024 DD19A111 207 0.1 7 23.4 0.96 108,773 25 tab
3925 DD19A116 207 0.1 7 22.2 1.11 72,092 25 tab
3926 DD19A119 172 0.1 8 23.9 0.83 143,171 25 tab
3927 DD19A110 646 . 13 23.3 3.01 | 25 tab
3928 DD19A114 647 . 13 21.8 3.18 I 25 tab
3929 DD19A115 601 13 22.6 3.0 | 25 tab
3930 DD19A126 172 0.1 5 - - 95,294 25 tab
3931 DD19A113 -328 13 - - I 25
3932  DDI9AI4 299 B - | 25
3933  DDI9AI23 252 * 3 - - | 25
3934 DD19A109 -172 10 10 - - 88,437 25
3935 DD19A102 -138 10 10 - —- 4,312,570 25
3936 DD19A103 -138 10 20 - - 12,000,000 25 R
3937 DD19A104 -172 10 10 - - 62,730 25
Y oowAn ® Y B i o o

. . 25
3973 DD19ATI102 s * 13 9.74 0.71 I 25
3974 DDI9ATIO1 68 * 13 9.60 0.74 I 25
3975 DDI19ATI06 17 0.1 20 11.2 0.16 4,000,000 25 R
3976 DDI9ATI4 3B 0.1 2 10.5 0.37 13,061 25
3977 DDBOATIO3 3H 0.1 4 10.7 0.34 39,706 25
3978 DDI19AT11I0 3> 0.1 4 10.1 0.34 85,033 25
3979 DDIOATIOO 28 0.1 12 105 0.26 930,960 25
3980 DDISATIO8 28 0.1 12 10.8 0.26 2,571,689 25
381 DDIGATIOS 28 0.1 15 11.8 0.24 2,461,981 25

MATERIAL DD19B

Lay-up = [0/+45/0]s, V= 0.35, 0.44, Ave. thickness = 2.78 mm SD. = 0.07 nm CoRezyn 63-AX-051
Polyester, This meterial hed two 8 nmix 19 mmintermal (between center O plies and centered side-to-sicke)
D155 fabric patches to raise the VVF without any test coupon edge effects.

n~vF=50%

U--V£=36%
Side View

4003 DD19B117 276 0.1
4004 DD19B113 276 0.1
4005 DD19B109 276 0.1
4006 DD19B110 276 0.1
4007 DD19B105 241 0.1
4008 DD19B115 207 0.1
4009 DD19B112 207 0.1

24.1 109 27,705 St
27 15 50,000 S Rtb
22.2 1.20 18,014 St
26.2 113 10,666 5t
258 103 46,870 5t
25.3 0.88 123726 5t
264 0.78 711,185 St

03
oo
H
S

4010 DD19B114 241 0.1 . 1702  5tb
4011 DD19B111 241 0.1 225 115 62,757 St
4012 DDI9B101 697 N 261 294 I 25 tab
4013 DD19B106 693 N 253 2.87 I 25 tab
4014 DD19B107 691 238 302 I 25 tab
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TEST & MAX R E e CYCLES  WIDTH

SAVPLE STRESS GPa % TO FAIL (mm)
ID # MPa and Notes
4015 DD19B119 207 0.1 6 244 0.80 377,162 25t

MATERIAL DD20
Lay-up= [02+45/0]s, VF=0.34, Ave. thickness =2.89 mm S.D. =0.04 mm CoRezyn 63-AX-051 Polyester.

4019  DD0101 54 T 1B 226 28 | 22t
4020 DD20105 582 . 13 231 2.6 | 22 &b
401 DD20108 54 13 23.2 2.8 | 22 D
4022 DD20103 310 0.1 2 22.6 1% 8,408 22 tb
4023 DD20102 310 0.1 4 22.0 158 4,899 22 D
4024 DD20109 310 0.1 4 229 146 5,860 22 b
4025 DD20104 207 0.1 5 233 0.96 27,916 22 b
4026 DD20106 172 0.1 10 217 083 87,234 22 &b
4027 DD20112 172 0.1 5 20.0 0.89 65,250 22 D
4028 DD20111 138 0.1 7 22.8 0.63 484,310 22 teb
4029 DD20110 138 0.1 7 21.2 0.69 459,000 22 tab
4030 DD20107 138 0.1 7 209 0.70 362,971 22 tab
4206 DD20143 -337 N B3 — — | 5

4207 DD20142 -313 N B3 — -— | 5

4208 DD20141 2% N 3 — — | 5

4209 DD20140 -308 3 - - | 5

MATERIAL DD20A
Lay-up = [Q4A84Ts, \=0.37, Ave. thickness =2.66 mm S.D. =0.07 nm CoRezyn 63-AX-051 Polyester.

4054 DDA 63 13 57 269 | 22t
4055 DD20A110 645 N 13 245 2.76 I 22 &b
4056 DD20A108 619 13 243 2.64 I 22 teb
4057 DD20A104 310 0.1 3 26.7 135 5,006 22 &b
4058 DD20A102 310 0.1 3 254 1% 6,014 22 &b
4059 DD20A109 310 0.1 3 256 14 5,207 22 b
4060 DD20A106 207 0.1 8 250 083 38,386 22 b
4061 DD20A111 207 0.1 8 264 0.80 24,080 22 b
4062 DD20A107 207 0.1 8 25.2 0.88 44,850 22 tdb
4063 DD20A101 13 0.1 12 24.1 0.60 1,209,687 22 b
4076 DD20A103 172 0.1 10 - - 46,058 22 tdb

MATERIAL DD22
Lay-up = [0k, VF=0.37, Ave. thickness =2.86 mm S.D. =0.12 nm CoRezyn 63-AX-051 Polyester.

*

4045 DD22112 564 N 13 21.0 2.8 | 22 &b
4046 DD22103 551 " 13 195 2.86 | 22 tab
4047 DD22109 533 13 21.1 261 | 22 &b
4048 DD22110 207 0.1 5 20.3 106 1,873,215 22 tab
4049 DD22104 276 0.1 4 182 167 62,055 22 tab
4050 DD22106 276 0.1 3 19.2 161 88,185 22 tab
4051 DD22102 276 0.1 3 195 154 58,843 22 tab
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TEST & MAX R E e CYQLES  WDTH
SAVPLE STRESS Ga % TO FAL  (m)
ID # MPa andNotes
4052 DD2105 24 o1 4 184 1% 34914 22 th
4053 DD22111 241 0.1 10 193 15 960,823 22 tdb
410  DD2140 372 B - I 5
411 DD214l 416 T B — 5
412 D142 3B T B — - I 5
413 DD2143 370 B I 5

MATERIAL DD24
-Up = [o/445/03/+45/0], VF=0.39 , Ave. thickness = 2.59 nm S.D. =0.07 mm CoRezyn 63-AX-051
Polyester

4130 DD24124 345 0.1 8 - — 40,767 22 tb
4131 DD24131 345 0.1 8 25 153 17433 22 tb
4132 DD24129 45 0.1 8 24.7 150 20,925 22 &b
4133 DD24125 276 0.1 8 21.8 131 190571 22 &b
4134 DD24130 241 0.1 12 229 108 696,493 22 tab
ﬂ%g DDZjﬁig %Z% 0.1 % 233 1.12 314,716 22 tb
DD2 259 29 | 22 &b
4137  DD24117 704 * B — — I 2tb
4138 DD4114 739 * B 268 29 I 2tb
4139 DD24127 207 0.1 12 236 0.88 5,000,000 2Rt
4164 DD24106 -528 : B3 — — I 5
4165 DD24105 -537 . B3 — —- I 5
4166 DD24104 -500 . 3 — e | Ys)
4167 DD24107 477 3 - - | 5

MATERIAL DD25
~Up = [0445/0]s, VF= 045, Awe. thickness =2.89 mm S.D. =0.14 nm Gass Veil, CoRezyn 63-AX-051
Polyester

4140 DD25102 814 : 13 28.4 3.0 I 22 tab
4141 DD25105 682 N 13 28.0 31 | 22 tab
4142 DD25108 733 13 27.2 2.7 | 22 tab
4143 DD25109 345 0.1 7 27.7 1.42 1,621 22 tab
4144 DD25106 207 01 10 29.2 0.73 205,450 22 tab
4145 DD25107 172 01 12 26.0 0.67 5,000,000 22 R tab
4146 DD25101 276 01 5 25.7 110 37,442 22 tab
4147 DD25110 276 01 5 29.3 0.99 50,003 22 tab
4148 DD25111 276 01 5 29.7 101 48,799 22 tab
4149 DD25114 207 01 12 30.4 0.68 778,703 22 tab
4150 DD25104 345 01 2 27.0 1.37 8,578 22 tab
4151 DD25113 345 01 2 28.8 122 17,706 22 tab
4152 DD25103 207 Q 1 8 27.7 0.78 982,766 22 tab
4160 DD25130 -498 N 13 — — | 25
4161 DD25131 -505 N 13 - — | 25
4162 DD25132 -464 . 13 e — | 25
4163 DD25133 -465 13 — - | 25
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TEST & MAX R E e CYCLES  WIDTH

SAVPLE STRESS GPa % TO FAIL (mm)
ID # MPa and Notes
4173 DD25132 -241 10 5 — - 1,322,357 2
4174 DD25136 -241 10 5 - - 524,658 p3)

MATERIAL DD25A
Lay-up = [0/+450]s, VF=048, Ave. thickness =2.67 mm SD. =0,08 mm Polyester \eil, CoRezyn 63-AX
051 Polyester

4153  DDSBAI3 70 Y 13 276 30 I 22tb
4154  DDBALLR 780 N 3 288 28 I 2tb
4155 DD2%A11l 778 B 2713 29 I 2t
4183 DD25A10L 207 0.1 10 280 074 1015979 22 tb
4184 DD25A108 241 0.1 10 217 0.86 503,924 22 tab
2%256 5.8225%83 %41 0.1 10 217 091 740,566 22 t&b
5 A1 0.1 12 - - 1,178,054 22 tab
4187 DD25AI06 276 0.1 10 286 101 135192 2 tb
4188 DD25A110 276 01 4 205 097 146154 22 tb
4189 DD25A102 276 01 4 205 09 253259 22 teb
4190  DDBAI3 345 01 4 205 123 20249 22t
4191 DD25A107 345 01 4 285 124 MB23 2t
j%&l)g BB%%%% 3é59 9.1 4 2.3 1.20 44,578 22 tb
67 B — .
4219 DD25A16L 657 * i —— - I 5
420  DD2A163 608 * K J— 1 5
Vivzul DD25A162 570 * B - - 1 5

MATERIAL DD25B
Lay-up = [0+450]s, VF=0.31, Ave. thickress =4.27 nm S.D. =0.06 mm Polyester Veil, CoRezyn 63-AX-
051 Polyester

415  DD2SBI4 486 T 13 182 27 | 22tb

4157 DD25B103 540 1B 197 29 I 2tb

4158 DD25B111 516 13 190 2.8 | 22 teb

4159 DDZSBlg(ZJ 207 0. 0 20.2 107 1,200,000 2Rt

4168 DD25B1. 437

4169 DD25B131  -363 :
*

[N
=

13

13
4170 DD25B132 453 13
471 DD25B133 42 3 — — | 2
4175 DD25B110 241 0.1 5 -
4176 DD25B108 241 0.1 10
4177 DD25B112 241 0.1 10
4178 DD25B107 276 0.1 4
4179 DD25B106 276 0.1 4
4180 DD256B105 276 0.1 4

2

4182  DD2BI09 310 01 212 154 5663 22t
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MATERIAL DD25D
Lay-up = [0450]s, VF=0.35, 0.45, Ave. thickness =396 nm 255 mm(indentation) S.D. =0.09 mm 0.06
mm (indentation), Polyester \eil, CoRezyn 63-AX-051 Polyester. This meterial hes a surface indentation to
raise the V- The listed stress does NOT take into acocount the indentation, (the average stress increase due to
this indentation = 1.55)

VF=45%n | r=6mm

VE=35%- I

*

4234 DD25D102 516 13 255 2.15 I 25
4235 DD25D101 179 0.1 5 23.1 117 110,424 25
4236 DD25D110 181 0.1 4 25.0 0.94 180,832 25
4237 DD25D112 155 0.1 7 22.0 0.83 584,489 25
4238 DD25D111 155 0.1 S - 252,968 25
4239 DD25D108 176 0.1 4 — — 66,875 25
4240 DD25D105 153 0.1 8 - — 182,727 25
4241 DD25D104 156 0.1 5 - — 347,113 25
4242 DD25D107 180 0.1 5 - - 159,308 25
4243 DD25D117 451 * I J— - I 25
4244 DD25D118 467 * 13 - - I 5

MATERIAL DD26
Lay-up= [0/+450]s, VF=0.50, Ave. thickness =2.61 nm S.D. =0.10 nm CoRezyn 63-AX-051 Polyester.
Sarre fabric as DD25, but with a different binder used for general purpose polyester resirs.

445  DD26lI6 849 T B R0 26 | 22t
R S 7 S .: o
4248 DD26115 414 0.1 4 324 145 10,628 22 tab
4249 DD26114 414 0.1 4 28.8 153 13,112 22 tb
4250 DD26111 414 0.1 4 29.0 145 9,883 22 tdb
4251 DD26112 45 0.1 8 288 15 39,204 22 teb
47252 DD26113 A5 0.1 8 01 1.20 44,872 22 tdb
47253 DD26104 241 0.1 12 301 0.80 780,507 22 b
4254 DD26103 345 0.1 5 30.7 124 92,698 22 teb
4255 DD26107 241 0.1 12 281 0.90 609,415 22 tab
4256 DD26105 241 0.1 10 29.6 0.83 2,019,100 22 tb
4257 DD26106 241 Q.1 10 305 083 1,568,929 22 tb
4258 DD26126 -563 3 - - I 5
459  DD26127 58 3 - I 5
4260 DD26125 519 N 3 - - | 5
4261 DD26129 -594 3 - - I 5
4262 DD26124 -310 10 10 - -- 103,105 5
4263 DD26120 -241 10 12 - - 20,000,000 SR
4264 DD26130 -276 10 12 - - 2,851,058 5
4264 DD26121 -276 10 12 - - 2,185,867 5
4265 DD26122 -276 10 12 - - 1,343,877 5
2466 DD26132 -276 10 12 - - 363,720 SR

MATERIAL FFA
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TEST & MAX R Q E e CYCLES WDIH
SAVPLE STRESS H G % TO FAIL (m)
ID # MPa and Notes

Lay-up = [+45/0/0/+45]s, VF=0.38, Awe. thickness = 3.78 nm SD. = 0.07 nm CoRezyn 63-AX-061
Polyester. The FHFA AB, BEEC, FED and FEE nreterials involved the sanre faborics with the lay-up orientation
changed to investigate ply sequence fatigue differences.

387 FFAI4 Y 1B 243 30 I 5
3338 FFAI 12 717 N 13 236 303 | 5
3339 FFA106 710 13 24.8 290 | 5
3340 FFAI09 414 0.1 2 236 198 1832 5
3341 FFA102 414 0.1 2 238 214 s7 5
3342 FFAl 14 414 0.1 2 25.0 205 926 5
3343 FFAIII 345 0.1 4 249 163 4,233 5
3344 FFAI 18 276 0.1 4 259 1.21 30,201 5
3345 FFAI 15 345 0.1 2 24.8 163 4,642 5
3346 FFA107 276 0.1 4 24.3 12 37,675 5
3347 FFAI 13 345 0.1 2 249 163 2420 5
3348 FFA105 276 0.1 4 236 128 18,064 5
3349 FFAI03 172 0.1 10 239 0.78 10,000,000 5R
3350 FFAIIO 207 0.1 10 237 093 1123713 5
351 FFAI 16 207 0.1 12 237 0.9 372,007 5
3352 FFAl 17 207 0.1 12 22.8 1.02 612,692 5
3370 FFA153 207 0.1 12 — — 926,563 5
3371 FFA108 45 01 2 - 2,039 5
Tests 3373 - 3377 were nn at 20 Hz to obsernve thernmrel failures

3373 FFA160 207 0.1 20 — - 42,809 5
3374 FFA155 345 0.1 20 — — 820 5
3375 FFA152 276 0.1 20 — — 5,899 5
3376 H-A151 172 0.1 20 — - 157,623 5
3377 FFATA 133 0.1 20 — - 5,000,000 5
3424 FFA150 -557 N 3 — — | 5
3425 FFA152 -558 N 3 - — | 5
3426 FFA151 -544 13 | 5

MATERIAL FFB

Lay-up = [0/+45/0/+45/0]s VF=0.38, Awe. thickness = 381 nm SD. =0.05 mm CoRezyn 63-AX-051
Polyester. The HFA AB, FFC, HD and FH-neterials involved the sare fabrics with the lay-up orientation
changed to investigate ply orientation fatigue differences.

*

3353 FB136 599 N 13 241 3 | 5
34 FB132 607 N 13 234 29 | 5
3355 FB138 657 13 249 2.8 I 5
3356 FB128 414 0.1 2 236 197 803 5
3357 HB141 414 0.1 2 239 204 1301 5
3358 FB134 45 0.1 2 234 1.68 2,293 5
3359 FB130 45 0.1 2 234 1.68 1909 5
3360 FFB142 276 0.1 4 223 141 16,986 5
3361 FFB140 276 0.1 2 24.4 123 22,313 5
3362 HB131 207 0.1 12 233 0.98 486,273 5
3363 FFB127 207 0.1 12 21.0 103 393,660 5
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TEST & MAX R E e CYCLES WDTH

SAVPLE STRESS GPa % TO FAL ()
ID # MPa and Notes
P4 FBI 207 01 12 286 0% 540,700 %5
Tests 3365 - 3368 were notched on the edges to reduce the stress concentration at the grips.

P65 FABIL3Y 276 o1 4 — — 54111 15
36 FBIR 207 01 12— — 849853 15
367  FBLO 414 0.1 | —_— — ® 15
3363 FB125 A5 Q.1 2 -_ 5420 15
39 FFBI® 635 B — — T
327  FFBIM 517 % B — — I %
3428 FFBIO 507 T B3 — — I 5
3429  FBIIS -495 13 I >

MATERIAL FFC

Lay-up = [0/+45/+45/0]s VF=0.38, Awve. thickness =381 nm SD. = 0.05 mm CoRezyn 63-AX-051
Polyester. The FFA, FFB1 ARG, FFD and FH-reterials involved the saire: fabrics with the lay-up orientation
changed to investigate ply orientation fatigue differences.

BB AT 648 T 13 286 2 | 5
® Ao o B — o
3B/l FFAM 44 o1 I 2Bl 200 58 5
38R  FFClO 4 o1 I — — 62 X5
3333 H=C107 45 01 2 22.6 171 162 5
B84 FFCI ¥ a1 2 — — 3371 5
38 FFCI 2% o1 4 —  — AHL 5
86 FFAI8 26 o1 4 — — 4762 25
87  FFCIB 4 o1 1 — — 5
3338 FFCI 15 A5 01 2 - 28% 5
389  FCIB 26 o1 4 —  — 2713% 5
B0 FFAO 207 01 122 — —— 417819 5
391 FFCIR 207 01 122 0 —  — 414180 5
2R  FFCIB 207 g1 o 24 08 640406 5
30 FRCIA 517 B — — I 5
31 FRCIB 4 7 B — — I 5
3R FFCI% 506 3 3

MATERIAL FFD

Lay-up = [0/0/+45/+45]s, VF=0.38, Awve. thickness =383 nm SD. = 0.04 nm CoRezyn 63-AX-051
Polyester. The FFA FFB, FFC, H-D and FH-reterials involved the sare fabrics with the lay-up orientation
changed to investigate ply orentation fatigue differences.

PRV  FDIR 676 N B 240 29 [
33HA FD106 630 N B3 — | is)
3B FD107 602 3 — — | 5
339% FFDIIO 414 0.1 2 22.2 218 533 5
3397 FFDII 414 0.1 2 - — 793 6
3398 HD104 414 0.1 2 -— — 912 6
339 FFD102 A5 0.1 2 - - 3,683 6



TEST & MAX R 9 E e CYOES  WDIH
Ga % TO FAL ()
ID # MPa and Notes

3400 FED105 45 0.1 2 — - 2,923 6
A01 FFDI 14 A5 0.1 2 — — 3,993 6
3402 FFDI 15 276 0.1 4 — — 24441 6
3403 FEDI 16 276 0.1 4 — - 32,380 6
AN FFDIOI 276 0.1 4 — — 21,567 6
3405 FD103 207 0.1 12 - - 1,099,442 6
3406 FEDI 17 207 0.1 12 — — 466,758 6
3407 D14 207 0.1 12 — —- 650,603 6
AR D133 547 N S J— | 5
A4 ADi141 -549 . B3 — | 5
A3H D138 -530 13 | 5

MATERIAL FFF

Lay-up = [+45/+45/0/0]s, VF=0.38, Awve. thickness = 3,77 nm SD. = 0.05 mm CoRezyn 63-AX-051
Polyester. The FFA, HB, BEC, FED and FEE nreterials involved the sare faborics with the lay-up orientation
changed to investigate ply orientation fatigue differences.

3408  FFFIO 60 7 13 I s
3409 FF106 643 N B3 — — | 6
3410 FF122 708 13 - - | *
3 F108 414 0.1 | — — 683 6
3412 F107 414 0.1 | — — 810 6
3413 FEH 14 414 0.1 2 - — 1,587 6
3415 FHFAL12 345 0.1 2 -— -— 7,6% 6
3416 FFFI17 345 0.1 2 — — 5,602 6
417 FH 13 345 0.1 2 — —- 8,381 6
3418 FFH 15 276 0.1 4 . — 30,596 6
3419 HF109 276 0.1 5 — - 30,569 6
3420 HF132 276 0.1 5 _ —— 26,561 6
A 116 207 0.1 12 - - 374,533 6
A2 FFFII 207 0.1 12 - —- 665,573 6
A23 H+143 207 0.1 20 - — 684,496 6
3436 FH 25 -605 N 3 - - | 5
3437 FFFI34 -627 N 3 — -- | 5
3438 FE 29 -555 13 | 5

MATERIAL GG
Lay-up = [0/+45/03, V=040, Ave. thidkness =2.46 nm S.D. =0.10 nm CoRezyn 63-AX-051 Polyester.

*

3439 GGlIO 1087 13 | 22
3440 GG14 933 3 278 34 | 22
341 GG102 891 13 273 33 | 2
3442 GGl107 483 0.1 2 28.3 2.00 16,381 22
3443 GGl106 483 0.1 2 29.0 2.01 7,897 22
3444 celo) 414 0.1 2 276 1.68 47335 22
3445 GGl106 414 0.1 4 273 173 62,970 22
3446 GG108 345 0.1 5 271 13b 390,948 22
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0° UNIDIRECTIONAL TESTS

378

VHterials A130, DO92A, DIS5A, DB120A and DB240A were tested in the longitudinal  (0°), tramsverse (90°)
and (245°) fiker directions for meterial properties. Fabrics DB 120A and DB240A were unstitched into 445 °©
and -45° plies, rotated to the O*direction and tested as a unidirectional fabric. In the notes colum, ZERO
indicates aunidirectional 0° test, 90 indicates a tramsverse test and 45 indicates a simulated shear test (ASTM
D3518). These tests are summarized in Table 10

MATERIAL A060

Lay-up = [0]lo, V=041, Awe. thickness = 1.76 mm S.D. =0.10 mm CoRezyn 63-AX-051 Polyester
CYCLES WDTH

TEST &
SAVPLE
ID #

3038 A060104
3039 AD60106
3040 AD60101
041 AD60119
3042 AD60120
3068 A060117
3069 AD60113
3070 AD60114
071 AD60116
3072 AD60118
3073 AD60110
3074 AD60118
3075 AD60111
3076 AD60115

MATERIAL A130

MAX

529

241
241
345
310

R

R R

.5%

TRRIUBREERBRRE

=
o

E
GPa

314

€
%

2.00
205
170
1.21
14
0.72
0.74
114
09

TO FAIL

|

13952
7,687
1,900,000
1,284,494
36,913
84,367

(mm)
and Notes

RRBRRHR
NN

SRS RLE R
py)

Lay-up =[0]s,VF=0.45, Awe. thickness =2.62 mm S.D. =0.04 nm CoRezyn 63-AX-051 Polyester
Tests 2036 - 2054 in this section were done for Table 10.Conrpression tests involved a 13 nmgage length.

2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050
2051
2052
2053

A13001
A13002
A13003
A13004
A13005
A13006
A13007
A13008
A13009
A13010
A13011
Al13012
A13013
Al13014
A13015
A13016
A13017
A13050

840
852
881
81
87
88
-300
-337
-364
91
-85
-90
-98
-89
-93
34
34
900

0% % ok o 3k ok ok X ok 2k X X % 3k X * F

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

38.8
38.4
37.5
11.2
114
114
29.1
28.4
321
119
119
10.6
7.79
6.69
8.27
8.48
9.03
35.3

2.20
2.80
2.60

ZERO
ZERO
ZERO
+45
+45
+45
ZERO
ZERO
ZERO
+45
+45
+45
90

90

90

90

90
ZERO
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TEST & MAX R E e CYCLES  WIDTH

SAVPLE STRESS GPa % TO FAIL (mm)
ID # MPa and Notes
2054  AI3051 92 * 025 110 -— | 5

MATERIAL A 130C
Lay-up = [0]s,VF=0.35, Awe. thickness =2.97 nm S.D. =0.12 mm CoRezyn 63-AX-051 Polyester,

2415  AI0C110 682 * B 209 230 I x5
2416  AINCI2 7% * B 302 250 I %
217  AINCL3 745 * B3 29 250 1 x5
2418 AL0CI04 414 01 5 310 1B 15268 5
2419  AI0CI00 414 01 5 B1 15 1700 5
2420  AI30CI106 483 01 2 A1 14 27 5
21 AI0CI08 483 01 2 20 151 196 5
242 AI0CIR2 45 01 8 208 116 45712 5
223 AI0CI03 483 01 2 P5 149 3521 5
2424  AI0CI1L 414 01 5 315 13 37072 5
2425  AINCI01 45 0.1 10 B9 112 84215 5
2426 AI30C118 310 01 10 316 098 4377528 5
227 AINCI9 345 01 10 316 109 841256 5
231 AINCHL  -356 3 — — I %
262  A0C2 7 Y 3 — — | 5
2633  AI0CO3 3K 3 — — I 5
2634  Al0C34 324 * 3 — — I %
2900 A130C144 -207 10 12 — -—— 484,312 5
2201 A130C141 -207 10 12 — — 4,000,000 SR
W AR B or o, = —  ®E 2

_ — I %
2004  AI0CI46 -5 10 I _ — ¥ 5
2906 A130C143 -310 10 2 — — 2,79 5
206  AI0C149  -310 10 2 _ — 96 5
207  AI0C147  -310 10 2 _ 852 5
208  AI0CI42 276 10 10 @ — —— 71475 5
209  AI0C149  -345 10 I — e n %
2010  AINCI5L 276 0 @ — - 62465 5

Tests 3077 - 3079 were manufactured wth epoxy to see |f this |rcreased the compressive stregth

077 A130CI03E  -287 N 13 I 25 Epoxy
3078 AL0CI2E  -262 N B3 — — | 25 Epoxy
3079 A130C0IE -2% 3 — — I 25 Epoxy
Tests 5727 - 5738 involved trying to renove the weaving stitch prior to RTM to inprove the conpressive
strength properties.

Tests 5727 were the control coupons
5727 A130CA01 -39
5728 A130CA02 -385
5729 A130C403 371 — —
5730 A130CAM4 -330 I
Tests 57311 - 5734 hed the thermroplastic bead burned off but the glass stitching thread remeined
5731 A130C405 -395 13 I
5732 A130C406 -466
5733 A130CA07 545
5734 A130C408 509

B — — I
B — — I
13 I

* % ok

SRR R

RRRM

13 |
B3 - - |
13 |
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TEST & MAX R Q E e CYCLES  WDTH
SAVPLE STRESS Ga % TO FAL ()
ID # MPa A Notes

Tests 5735 - 5738 hed the thermnoplastic bead burmed off and the glass stitching thread rermved
5735 A130CA409 515 13

5736 A130C410 -483
5737 AL30CAL 477
5738 A130CA12 509

B3 — — I
3 — — I
3 - - |

* %

SRR

MATERIAL A 130G
Lay-up = [0]|4,VF=0.55, Awe. thickness =4.38 mm S.D. =0.12 nm CoRezyn 63-AX-051 Polyester

201 ANGL3 18 T 3 453  261- I %

B 476 267 I %
2404  AI0GL14 690 01 2 480 143 B x5
2406  A130GI08 6% 01 2 452 1R 507 5
2406  AI0GI2 6% 01 2 483 14 156 X5
2407  AI0GI07 552 01 4 40 12 5452 5
2408  A130G110 552 01 4 432 128 2052 X5
2400  AINGIB 552 01 4 400 137 4864 5
2410  AINGIOL 414 01 s 04 097 45710 5
211 AINGIR 414 01 5 400 103 P22 5
2412 AI0GI5 276 0.1 5 469 057 4847670 XBR
2413 A130G104 414 01 4 45 091 8621 5
2114  A130G106 345 01 8 405 08 43627 5
2635  AI0GOL 488 3 - - 1 x5
2636  AINGIR2  -414 * 3 — 1 x5
2637 AI0GIB - ¢ 03— | 5
2638 AIG3M 42 3 - - I %

MATERIAL A260
Lay-up = [014,VF=0.35, Awe. thickness =371 nm S.D. =0.13 nm CoRezyn 63-AX-051 Polyester

086  A60100 36 T 13 | 5
87 AB0L8 357 B I 5
3088  A260106 50 T 13 - -- | 5
309  AH0102 42 T 13 - -- | 5
00  A%0108 460 T 13— | 5
9L A60120 470 B | 5
R AX04 8B T 1B 32 20 | 5
0B AB012 60 T 13 284 29 | 5
0%  A%B0126 86 B 213 29 -
0%  AW07 3 o1 s 209 09 3000000 %R
0% A6 48 o1 s 00 1P 5,850 25
097 A0 48 o1 8 R1 1R 27702 5
0B A6028 M8 o1 s B5 100 17163 25
09 AN 3™ o1 10 319 1M 19199 5
300 A%0IB 552 o1 2 B9 1P 4201 5
301 A%0120 552 o1 2 R5 1M 148 5
3102 A%0130 552 o1 2 b4 1R 33 5
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TEST & MAX R E e CYCLES  WDTH
SAVPLE STRESS Ga % TO FAL (M)
ID # MPa and Notes
3B AB01R2 3™ o1 1 R1 1z 60153 5
3104  A%0134 3@ o1 10 #3120 455258 5

MATERIAL CM1701A
Lay-up= [QB,Mp=0.38, Ave. thickness =320 nm S.D. =0.10 nm CoRezyn 63-AX-051 Polyester

211 CVAO 04 T 13 I 5
2912 CMA102 573 . 3 —- — | 2
2013 CMA103 -542 . 3 — -— | 5
2935 CMAI 16 874 . 13 324 2170 | 5
2936 CMA| 13 784 . 13 286 275 | 2
2937 CMA107 730 3 292 250 | 2
2938 CMAI 12 483 0.1 2 2.8 163 784 5
2939 CMA106 483 0.1 2 383 129 1,940 5
2940 CMAIS 483 0.1 2 32 146 1574 5
2941 CMAI 414 0.1 5 2.3 134 17,955 5
2943 CMAIIO 414 0.1 4 26.8 160 6,418 p3)
2045 CMAI 17 345 0.1 5 280 119 26,217 2
2946 CMAI08 345 0.1 5 32.3 1.00 38,086 5
2047 CMAl 14 276 0.1 10 288 0.89 81,998 25
2948 CMAI 19 276 0.1 10 21 092 117,831 2
21 ovAod 4 T B — - - I 5
2092  CMAIR2Z 53 T B I %
2913 CMA103 -542 3 — — | 5
2949 CMVA121 -345 10 4 -— — 42,588 2
2950 CMA125 -345 10 4 — - 13272 5
251 CMA127 -345 10 4 - - 80,669 2
2952 CMA123 -310 10 10 - - 105,9% 2
2953 CMA132 -310 10 2 - - - 532,367 5
2962 CMALA -310 10 10 - - 460,941 5

MATERIAL D072A
Lay-up = [0]1.ovF=0.36, Ave. thickness =3.30 mm S.D. =0.05 nm CoRezyn 63-AX-051 Polyester

*

3043 D072A118 -608 13 - - I 25
3044 D072A123 -562 * K J— — I 25
3045 DO72A122  -508 * 13 - — I 25
3046 DO72A120  -345 10 5 - — 87,741 25
3047 D072A119 -414 10 3 - - 9,757 25
3048 DO72A117 -414 10 4 - . 2192 25
3049 D072A116 -345 10 5 - — 79,404 25
3050 D072A121 -414 10 4 - — 6,097 25
3051 D072A115 -345 10 5 — - 136,908 25
3055 D072A110 812 * 13 283 2.87 I 25
3056 D072A109 789 * 13 293 2.70 I 25
3057 D072A108 796 * 13 278 2.90 | 25
3058 D0O72A107 483 0.1 . 26.8 1.83 9586 25
3059 DO72A106 483 0.1 4 26.7 101 8838 25
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TEST & MAX R Igz E e CYCLES WDTH
SAVPLE STRESS GPa % TO FAIL (mm)
ID # MPa and Notes
3060 D072A105 310 01 10 28.2 0.9 929,460 5
3061 D072A101 483 01 4 3L7 163 5993 )
3062 D072A102 45 01 5 21.7 114 195,791 5
3063 DO72A1l1 414 01 5 3L3 13 28,168 5
3064 D072A112 414 01 5 269 147 34,247 5
3065 D072A121 414 01 5 284 140 23,522 5
3066 D072A118 345 01 10 263 130 162,352 5
3067 D072A123 45 01 10 21.7 129 237,010 5

MATERIAL D092
Lay-up = [0]10%/F=0.46, Awve. thickness =3.10 mm S.D. =0.07 nm CoRezyn 63-AX-051 Polyester
Tests 1992 - 2013 in this section were done for Table 10.Conoression tests involved a 13 nmgage length.

192 D901 2 T 05 Bl 28 | ZFRO
19983 D09202 % T 05 B8 287 |  ZERO
1994 D09203 au T 05 A3 31 |  ZERO
196 DO%04 T 05 122 - | #5
19%  D09205 37 . 0% 11 03 I ®
1997 D09%08 Tl T 05 84 2 |  ZFRO
198 D0%209 5T 05 N6 24 |  ZFRO
1999 %%1_{) 78 T 05 318 25 | ZERO
2000 -130 0% 123 — I #45
2000 DO9212 129 T 05 109 | 5
2002 D09213 -130 . 025 111 — I 5
2008 D09214 141 T 05 738 -9 I ®
2004 DO9215 40 T 05 710 05 | ®
B O

25 9, - +45
2007 D090 816 T 05 R5 163 |  ZERO
2008 DO95L 78 T 05 34 Ay |  ZERO
2009 D952 27 T 05 662 AR I
20100 D09253 129 T 05 142 - | 5
2011 D09254 1041 025 349 309 | ZERO
2012 D0O9255 “w T 05 125 | 5
2013 D096 B 025 979 037 I ®

MATERIAL D092B
Lay-up = [QbiVF=041, Ave. thickness =276 nm S.D. =0.12 nm CoRezyn 63-AX-051 Polyester

2144 DORBIS 94 Y BB FBE 280 | St
2145 DORBIA 97 ¥ BRI 2 | St
2146 DO2BIO6 959 3 A7 280 | Stb
2147 DORBIO7 552 o1 4 Bl  1E0 8610  5tb
2148 DOBIOY 552 o1 4 R9 1M 20 St
2149 DO9BIO 414 o1 15 %S 113 32338 5
2150  DO®BIB 414 o1 15 R6 1z 259952 %5
2151  DO9BIL 414 o1 5 319 13 236479 25
2152 DORBIB M5 o1 15 B9 104 1557555 25



TEST & MAX R
SAVPLE STRESS
ID # MPa

2153 D092B101 345 0.1
2154 D092B102 345 0.1
2380 D092B230 878
231 D092B208 875
2382 D092B204
2383 D092B216 552 0.1
2384 D092B210 552 0.1
2385 D092B201 552 0.1
2386 D092B213 414 0.1
2387 D092B203 414 0.1
23838 D092B205 345 0.1
2389 D092B209 345 0.1
2390 D092B211 414
2639 D092B301 -684
2640 D092B302 -710
241 D092B303 -708
2642 D092B305 -630
2643 D092B306 -610
2644 D092B308 -7105

% ok ok % 4@
=

MATERIAL D092D

CYCLES
TO FAIL

957,554
1,847,878
|

|

I

2914
3,142
3,7%6
126,113
165,310
892,557
1,112,027
171,967
|

WDTH

(M)
and Notes

BRRNHRRERRERRRRRRNR

Lay-up = [A7iVF=0.30, Ave. thickness =264 nm S.D. =0.11 mm CoRezyn 63-AX-051 Polyester

2391 DO92DI05 736
229 DO92D107 72
2393 DO92D111 734 *
234 D092D108 482 0.1
2% DO92D110 482 0.1
23% DO92DI03 414 0.1
2397 DO2DI09 45 0.1
2398 DO92DI04 414 0.1
239 DO92D102 A5 0.1
2400 DO92D106 A5 0.1
2645 DO92D301 574 *
2646 DO92D302 515
2647 DO92D303 53
2648 D092D34 538

*

*
*
*

MATERIAL D092F

ooooooooﬁn; I BB

254
25.6
25.8
244
236
254
25.6
214
243
261

2.89
281
284
198
204
163
13H
151
142
130

BRRRERRRRRRRRN

Lay-up = [AQ2iVF=0.50, Awve. thickness =3.00 mm S.D. =0.04 mm CoRezyn 63-AX-051 Polyester

2178 D092F110 1090
2179 DO92F112 106
2180 D092F103 na
281 DO92F111 1208
2182 D092F107 414 0.1
2183 D092F109 414 0.1
2184 D092F105 414 0.1

* % % %

FEEBRRE

359
405
418
422
4.1
309
372

304
285
2.85
2.86
097
103
1.12

I
I
I
|
221,920

92,864
138489

5
5t
5
51ab
5
5
5



TEST & MAX R
SAVPLE STRESS
ID # MPa

2185  DO%FI06 345 0.1
2186  DORFI01 345 0.1
2187  DORF102 552 0.1
2188  DORF124 552 0.1
2653 DORF123 615 *

2654  DORFI26  -692
2655  DOF12  -697
2656  DORFI21 712

MATERIAL D092G

O

3

E

42.6
383
418
44.6

1

Lay-up = [03,VF=0.58, Awe. thickness =3.25 mm S.D. =0.05 nm CoRezyn 63-AX-051 Polyester

2%  D092GIB 1130 ¥
2156 DO2G105 1206

2157 D092G103 118

2158 D092G109 690 0.1
2159 DORG112 414 0.1
2160 D092G106 414 0.1
2161 DO2GI0L 552 0.1
2162 D092G14 552 0.1
2163 DORG102 414 0.1
2164 D092G110 552 0.1
2165 D092G108 276 0.1
2166 DO92GINL 207 0.1
2167 D0RGl14 276 01
2168 D092G107 276 0.1
2169 DORG25 276 0.1
2170 DORG07 276 0.1
2171 DOR2G206 276 0.1
2173 D092G201 414 0.1
2174 DO2G202 414 0.1
2175 D092G-204 276 0.1
177 DORGI05 345 0.1
2354 DORG25 1%
2355 DO2G209 1B
2356 D092G201 161
2357 DORG212 276 0.1
2358 D02G207 552 0.1
2359 DO92G202 552 0.1
2360 DORG21L 552 01
2361 DO2G216 690 0.1
2362 DORG215 690 01
2363 DORG14 414 0.1
2364 DO2G10 414 0.1
2365 DORG213 276 0.1
2366 DO2G203 414 0.1
2649 DO2G0L 658 N
2650 D092G302 645

2651 D092G303 629 *

N NN NN mmm

10
10
10
10
15
10
10
10

10
12

BBEB

12

NN ool ol

2.70
2.80

874,379
12811
9,807
9,091
1,360
2,083
113,852
92451
6,654,291
135121
|

|

|

25tb
St
St
St
25tb
25tb
25t
251
51
25t



IEST & MAX R I% E e CYCLES WIDTH
SAVPLE STRESS GPa % TO FAL (M)
ID # MPa and Notes
2652 DO2G3 837 * 3 - - (.
2786 DO2GI0 64 10 4 - - 13859 5
2787 DORGI20 621 10 5 — — 7978 5
2789 DORGI26 621 10 5 - _— 6124 5
2790 DOGI3L 552 10 12 - _— 19386 X5
2791 DORGI123 552 10 12— . 27412 X5
2792 D092G124 -552 10 12 — — 11,391 5
2793 DORGIR 414 10 12— - 1864286 5
21% DORGI28 483 10 10 - _— 481468 5
279%5 D092G121 -4383 10 10 - 208,071 )
27% DORGL27 483 10 10 - - RLML B

MATERIAL D 155
Lay-up= [0]s, V=045, Awe. thickness =2.74 mm S.D. =0.10 mm CoRezyn 63-AX-051 Polyester
Tests 2014 - 2035 in this section were done for Table 10.Conpression tests involved a 13 mmgage length.

2014 D15501 984 * 025 39.0 2.90 I ZERO
2015 D 15502 898 * 025 363 2.69 I ZERO
2016 D 15503 976 * 025 389 2.87 I ZERO
2017 D 15504 93 * 025 128 _ I +45
2018 D 15505 25 * 025 9.12 0.43 I 90
2019 D 15506 30 * 025 9.24 0.37 | 90
2022 D 15509 -109 * 025 140 3.2 I +45
2023 D15510 -106 * 025 151 -3.72 | +45
2024 D15511 -122 * 0.25 831 -1.62 I 90
2025 D15512 -118 * 0.25 7.65 -1.43 I 90
2026 D15513 727 * 025 321 -2.48 | ZERO
2027 D15514 -710 * 0.25 318 -1.77 | ZERO
2028 D15515 -756 * 0.25 29.6 -1.34 | ZERO
2029 D15516 104 * 025 123 — [ +45
2030 D15517 103 * 025 108 —- I +45
2031 D 15550 -730 * 025 323 -2.18 I ZERO
2032 D15551 -807 * 0.25 330 -2.14 I ZERO
2033 D15552 -147 * 025 7.72 -1.96 I 90
2034 D15553 1088 * 0.25 39.0 2.85 | ZERO
2035 D15554 86 * 025 132 — I +45

MATERIAL D 155B
Lay-up=[015,vF=0.39, Ave. thickness =2.70 nm S.D. =0.11nm CoRezyn 63-AX-051 Polyester

*

2110 D155B65 935 N 13 48 280 | Stb
2111 D155B71 %1 N 13 296 35 | 5t
2112 D155B61 a1 13 38 280 | )
2113 D155B60 552 0.1 2 319 1.86 1831 5
2114 D155B72 552 0.1 2 29.8 192 3911 5
2115 D155B63 414 0.1 5 319 144 85,156 5
2116 D155B70 414 0.1 10 286 149 108,103 )
2117 D155B69 276 0.1 20 285 108 8,000,000 5



TEST & MAX R
SAVPLE STRESS

ID #

2118 D155B68 0.1
2119 D155B66 0.1
2120 D155B62 0.1
2121 D155B64 0.1
2122 D155B67 0.1
2123 D155B31 0.1

2203 D155B200
2204 D155B209
2205 D155B215
2206 D155B201
2207 D155B207
2208 D155B205
2209 D155B203
2236 D155B212
2237 D155B210
2338 D155B202
2339 D155B213
2340 D155B208 552

2341 D155B211 552

2342 D155B214 414

2657 D155B301 -620
2658 D155B302 -666
2659 D155B303 -642
2660 D155B304 -656
2776 D155B174 681
2777 D155B177 517 10
27178 D155B175 414 10
2779 D155B178 414 10
2780 D155B180 -345 10
2781 D155B176 -345 10
2782 D155B173 -345 10
2783 D155B181 414 10
2784 D155B179 -483
3735 D155B222 &l

3736 D155B223 845

775
43

RN R e AR IPERERBA T

3737 D155B218
3738 D155B218

MATERIAL DI155C

CIGRE® YT RRR

o

—_—WWwWwwwer ~Aph

BBEBBRYERRREE

CYCLES
TO FAIL

6,582
139
1,230,231
75,774
721,864
572,173

|

|

|

6,979
16497
82,605
68,483
967,901
1,104,634
19814
2141
2,305
1733
48,181

I

I

I

I

I

178
76,348
61,956
954,990
893,962
1,121,768
172874
886

WDTH

(mm)
and Notes
5t

5

25 tb
25 tb
25t

BN RRRRRREREENRERERRERERERERER

Lay-up = [07,VF=0.51, Ave. thickness =2.99 nm S.D. =0.09 nm CoRezyn 63-AX-051 Polyester

2124 DI55C111 189 ¢
2125 D155C109 184 *
2126 D155C107 us
2127 DI55C101 &7 0.1
2128 DI55CI05 552 0.1
2129 D155C110 552 0.1
2130 DIS5C106 414 0.1
2131 DIS5CI4 345 0.1

G TV BB

I

I

I

315
11,103
10,021

189,546
1,276,914

SR

SSRGS RGE R



2662
2063
2664

MATERIAL D 155G

D155C108
D155C100
D155C114
D155C102
D155C103
D155C202
D155C205
D155C203
D155C206
D155C207
D155C209
D155C210
D155C213
D155C211
D155C208
D155C201
D155C212
D155C204
D155C216
D155C217
D155C301
D155C302
D155C303
D155C304

414

RRERRRERERRRRERRERRERRRER

Lay-up = [O18,VF=0.59, Awve. thickness =281 mm S.D. =0.08 nm CoRezyn 63-AX-051 Polyester

2189
2190
2191
2192
2193
21A
21%
219%6
2197
2198
2199
2200
2201
2202
2665
2606
2067
2668
2766
2167
2768

D155G104
D155G110
D155G115
D155G103
D155G107
D155G106
D155G109
D155G108
D155G105
D155G114
D155G102
D155G101
D155G112
D155G113

* %k X 4O
=

10

10

272
274
2.80
139
149
113
108
0.66
0.75
0.62
0.66
0.78
153
126

|

|

|

4,546
1839
14,842
10,796
137,665
164,363
1,154,036
817,204
169,202
2,546

25tab
2tEb
25 tab
2t



TEST & MAX R I—sz E e CYCLES  WIDIH
SAVPLE STRESS GPa % TO FAIL
ID # MPa and Notes
27170 D155G307 -483 10 — 161,615
2771 D155G305 -483 10 — 74,321

2772 DIS5G34  -730 *
2773 D155G316 621 10
2774 D155G320 621 10
2775 D155G310 621 10
3117 D155G315 821 .
3118 D155G302 -752 i
3119 D155G310 122

Tests 3599 - 3613 involved agage length of 13 r(;m(straln rate effect tests).

BEE~ "B
|1
ARRRRE
2
B3 B3 b3 B3 B3 B DR (R B

3599 D155G314  -627 * — I 5t
3600 D155G321 -660 N 005 — — I 5t
301 D155G323 -654 N 005 — — I 25 teb
3602 D155G311 -739 . 254 — — I 5 tb
3603 D155G322 -123 . 254 — | 5 teb
3604 D155G324 -701 . 254 — — I 25 teb
3605 D155G317 673 N 127 — — I 5t
3606 D155G313 -762 . 27 — — I St
3607 D155G319 -84 N 127 — — I 5tab
3608 D155G335 -157 " 54 — — | 5t
3609 D155G330 -776 i 54 — — I 5tab
3610 D155G333 -768 N 54 — — I 25 tab
K 51k D155G332 -735 . 127 — — I 25 teb
3612 D155G331 -7% N 27 — — I St
3613 D155G336 795 27 — I St
Tests 3614 - 3625 involved agage Iength of 100 rrm(straln rateeffect tests).

3614 D155G217 * 005 ... 5tb
3615 D155G219 833 0.025 — — St
3616 D155G214 897 005 — — S5t
3617 D155G216 1086 254 — — 5 teb
3618 D155G221 143 254 — — 5 tb

3619 D155G222 1061

% % % ok % X X ok %

N
@
|
B
g

3620 D155G223 1140 127 — — 5tb
21 D155G226 1222 127 — S 5t
3622 D155G225 1024 127 — — 5t
3623 D155G224 1086 635 — — 5t
3624 D155G218 1100 635 — — 5t
3625 D155G220 1136 635 — — 5t

MATERIAL DI55H
Lay-up = [07,VF=0.49, Awve. thickness =2.93 nm S.D. = 0.10 mm CoRezyn 63-AX-051 Polyester, No
Stitching. Stitching in the D155 faboric wes renoved to study this effect.

2210  DISBHI6 %1  © 13 43 280 I 5

2211 D15611111 886 . 3 331 2.68 I 5

2212 115511103 903 3 A7 261 | 5

215 ~ DISSHIB 552 o1 5 344 160 2921 5

2216 DISHSHI9 552 91 5 %4 15 2154 5
2217 DIS5HIZ2 1076 B 401 2% | hesstitch
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TEST & MAX R E e CYCLES WDTH
ISDAI\;tPLE STI\;REES GPa % TO FAL (M)
and Notes
2218 DISHI2L 1/ T 1B 407 28 | hesstitch
219 DIS5HI20 1109 1B 405 274 | hesstitch
2206 DIS5H102 552 5 B9 12 0215 5
2344 DIS5H210 483 0.1 10 370 10 156200 X5
2346 DIS5H204 1101 1B 417 263 I %
2347 DIS5H203 483 0.1 5 388 124 12853 5
2348 D155H208 483 0.1 12 39.7 1.21 195,322 5
2349 DIS5HP09 414 0.1 5 400 104 3219571 5
2350 DISSH01L 414 0.1 5 405 102 1211477 5
2351 DIS5H12 690 01 4 20 164 2063 5
2352 DI55H206 690 01 4 44 167 2§64 5
SohEE m vy v m o2
7 - - 1 %
2670 DI55H302  -686 * 3 - - 1 x5
7L  DISSHBB 68 T 3 - - | hesstitch
2672 DIS5H34  -864 ) 3 - - | hesdtitch
2673 DIS5H305 -7 3 - | hestitch
2674 DIS5H306  -846 * 3 - - | hesstitch

MATERIAL D 155J
Lay-up = [0]6,VF=0.58, Ave. thickness = 3.54 mm S.D. =0.11 mm CoRezyn 63-AX-051 Polyester, No
Stitching. Stitching in the D155 fabric wes removed to study this effect.

*

2428 D155J111 1,098 N 13 498 265 | 5
2429 DISSJI14 1,190 N 13 475 251 | 5
2430 D155J101 1,140 13 486 243 | 5
2431 D155J103 690 0.1 5 449 1 6,213 5
2432 D155J115 690 0.1 5 50.0 138 7977 5
%ﬁ D155J106 690 0.1 5 46.8 147 4,784 5

D155J108 552 0.1 5 50.0 — 20,345 5
2435 D155J105 552 0.1 5 50.0 1.10 73,109 5
2436 D155J109 414 0.1 12 47.0 0.88 684,350 5
2437 D155J113 552 0.1 5 478 115 35,652 5
2438 11551116 414 0.1 12 478 0.79 912,579 5
2439 D155J107 552 0.1 5 452 1.22 89,980 5
2440 D155J104 414 0.1 12 473 0.86 485,216 ys)
2675 D155J301 -826 3 — — | 5
2676  DIss)R2 T4 T 3 | >
2677 D155J303 -79% N 3 - — | 5
2678 D155J304 -1 3 - - | 5

MATERIAL DI55K
Lay-up=[0]7,vF=0.33, Awe. thickness =4.45 mm S.D. =0.10 nm CoRezyn 63-AX-051 Polyester

3673 D155K110 872 3 285 315 I 2
3674 D155K111 &1 13 296 298 I 2
3675 D155K109 830 13 285 201 I 2
3676 1)155X108 414 0.1 2 271 138 7,569 2
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz  GPa % TO FAIL (mm)
ID # MPa and Notes
3677 D155K112 414 0.1 4 28.7 154 13,447 25
3678 D155K101 414 0.1 4 26.3 159 6,267 25
3679 D155K113 276 0.1 12 285 0.97 764,138 25
3680 D155K102 276 0.1 12 267 101 1,305,237 25
3681 D155K103 276 0.1 12 286 0.96 1,733,768 25
3682 D155K 105 345 0.1 6 30.1 118 175,689 25
3683 D155K 104 345 0.1 6 27.9 1.26 106,359 25
3684 D155K 107 345 0.1 6 26.9 1.29 152,853 25
3685 D155K 106 483 0.1 | 28.1 2.12 576 25
3686 D155K120 483 0.1 | 27.3 1.90 2,594 25
3687 D155K121T  23.8 * 13 8.00 0.30 | 25
3688 D155K122T  24.9 * 13 836 0.29 | 25
3689 D155K123T 189 * 13 852 0.22 | 25
3841 D155K125 -500 * i J— — | 25
3842 D155K126 -624 * 13 - I 25
3843 D155K127 -527 * 13 - - | 25

MATERIAL DB 120

Lay-up = [0]8,VF= 0.44, Ave. thickness = 2.69 mm, S.D. = 0.10 mm, CoRezyn 63-AX-051 Polyester
Tests 2055 - 2074 in this section were done for Table 10.Compression tests involved a 13 mm gage length.
+45 degree fabric was separated into +45 and -45 degree plies and rotated to 0 degrees.

*

2055 DB12001 610 0.25 26.5 2.65 | ZERO
2056 DB 12002 596 * 0.25 26.8 2.41 I ZERO
2057 DB 12003 83 * 0.25 9.45 — I +45
2058 DB 12004 85 * 0.25 9.10 - I +45
2059 DB 12005 85 * 0.25 9.86 —= I +45
2060 DB 12006 87 * 0.25 8.89 —= I +45
2061 DB 12007 26 * 0.25 7.24 0.39 | 90
2062 DB 12008 -554 * 0.25 18.9 — = I ZERO
2063 DB 12009 -555 * 0.25 19.7 — I ZERO
2064 DB12010 -545 * 0.25 19.4 — I ZERO
2065 DB 12011 -116 * 0.25 8.83 - | +45
2066 DB12012 -120 * 0.25 9.86 —= | +45
2067 DB 12013 -123 * 0.25 9.31 - | +45
2068 DB 12014 -120 * 0.25 6.96 -2.20 I 90
2069 DB12015 -117 * 0.25 6.41 -1.70 I 90
2070 DB12016 -104 * 0.25 6.55 -2.10 I 90
2071 DB12017 616 * 0.25 24.8 2.60 | ZERO
2072 DB12018 24 * 0.25 7.72 0.32 I 90
2073 DB 12050 619 * 0.25 28.2 2.30 | ZERO
2074 DB 12051 104 * 0.25 9.72 - | +45
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes

MATERIAL DB240

Lay-up = [0]8,V¥=0.46, Ave. thickness = 2.77 mm, S.D. = 0.12 mm, CoRezyn 63-AX-051 Polyester
Tests 2075 - 2093 in this section were done for Table 10. Compression tests involved a 13 mm gage length.
+45 degree fabric was separated into +45 and -45 degree plies and rotated to O degrees.

2075 DB24001 701 : 025 30.8 2.60 I ZERO
58;(75 DB24002 715 . 025 301 2.60 I ZERO
DB24003 669 . 025 311 2.50 I ZERO
2078 DB24004 69 025 109 — | +45
2079 DB24005 69 * 025 101 — | +45
2080 DB24006 68 * 0.25 9.90 —- | +45
2081 DB24007 -551 : 0.25 259 -1.60 | ZERO
2082 DB24 - -
s Desioos 1 0z 26 A0 | 7R
2084 DB24010 -122 * 0:25 11:0 - I +45
2085 DB24011 -101 * 025 103 — I +45
2086 DB24012 -128 * 025 103 — I +45
2087 DB24013 -125 * 025 6.32 -1.80 I 90
2088 DB24014 -118 * 0.25 6.69 -1.65 I 90
2089 DB24015 -122 : 025 7.08 -1.62 | 90
ol Desiolr 1 0z 7m0 0% a0
2092 DB24050 703 : 025 322 2.85 I ZERO
2093 DB24051 70 025 101 -- | +45
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ANGLE PLY TESTING

The angled materials in this section were constructed using the D 155 fabric.

MATERIAL DI155B
Lay-up = [0]5,VF=0.39, Ave. thickness =2.70 mm, S.D. =0.11 mm, CoRezyn 63-AX-051 Polyester

TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
2203 D155B200 755 * 13 31.1 2.43 | 25
2204 D155B209 779 * 13 28.2 2.76 | 25
2205 D155B215 785 * 13 28.5 2.75 | 25
2206 D155B201 483 0.1 4 32.6 1.48 6,979 25
2207 D155B207 483 0.1 4 331 1.46 16,497 25
2208 D155B205 414 0.1 7 32.2 1.28 82,605 25
2209 D155B203 414 0.1 8 36.8 1.13 68,483 25
2236 D155B212 345 0.1 15 33.6 1.02 967,901 25
2237 D155B210 345 0.1 15 30.1 115 1,104,634 25
2338 D155B202 483 0.1 5 30.4 1.59 19,814 25
2339 D155B213 552 0.1 3 32.2 171 2,141 25
2340 D155B208 552 0.1 4 30.3 1.82 2,305 25
2341 D155B211 552 0.1 4 31.8 1.73 1,733 25
2342 D155B214 414 0.1 10 30.8 1.34 48,181 25

MATERIAL 10D155
Lay-up = [£10]3,VF=0.38, Ave. thickness = 3.47 mm, S.D. =0.17 mm, CoRezyn 63-AX-051 Polyester

*

2513 10D 155122 271 13 28.6 0.90 I 25
2514 10D 155127 303 * 13 28.5 1.00 I 25
2515 10D 155120 249 * 13 25.5 0.95 I 25
2566 10D 155128 172 0.1 10 27.9 0.60 167,538 25
2569 10D 155213 172 0.1 8 26.1 0.66 178,266 25
2570 10D155208 172 0.1 10 29.2 0.64 207,957 25
2571 10D155205 284 * 13 29.0 0.98 I 25
2572 10D155209 207 0.1 5 29.4 0.71 18,193 25
2573 10D 155210 207 0.1 5 32.3 0.64 21,780 25
2574 10D 155212 207 0.1 5 29.3 0.72 16,360 25
2575 10D 155215 155 0.1 12 29.5 0.53 1,764,883 25
2583 10D155114 -405 * 13 - —- I 25
2584 10D 155106 -343 * 13 — — I 25
2585 10D 155112 406 * 13 — — I 25
2586 10D 155113 -381 * 13 — — I 25

MATERIAL 20D 155
Lay-up = [£20]3,VF=0.39, Ave. thickness = 3.21 mm, S.D. = 0.14 mm, CoRezyn 63-AX-051 Polyester

*

2510 20D155101 244 13 243 1.08 [ 25
2511 20D155104 269 * 13 232 1.20 | 25
2512 20D155107 290 * 13 251 1.40 | 25
2558 20D155113 172 0.1 5 26.9 0.71 21,427 25



TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
2559 20D 155112 172 0.1 7 25.3 0.69 38,475 25
2560 20D 155111 138 0.1 12 24.5 0.58 835,986 25
2561 20D 155108 172 0.1 7 24.8 0.76 25,475 25
2562 20D 155106 207 0.1 2 27.0 0.83 2,244 25
2563 20D 155110 207 0.1 2 23.8 0.90 860 25
2564 20D 155116 207 0.1 2 25.8 0.88 2,779 25
2565 20D 155102 138 0.1 15 24.1 0.56 742,154 25
2587 20D 155301 -284 * 13 - — | 25
2588 20D 155302 -289 * 13 — — 1 25
2589 20D 155303 =271 * 13 — — | 25
2590 20D 155304 -303 * 13 — -— | 25

MATERIAL 30D155
Lay-up = [+30]3,Vf=0.40, Ave. thickness = 3.11 mm, S.D. =0.14 mm, CoRezyn 63-AX-051 Polyester

*

2507 30D155107 183 13 17.8 1.40 | 25
2508 30D155104 184 > 13 16.1 1.60 | 25
2509 30D155113 141 * 13 181 1.60 | 25
2537 30D155114 103 0.1 5 183 0.56 15,975 25
2538 30D155110 103 0.1 8 17.2 0.63 25,545 25
2539 30D155112 69 0.1 15 19.7 0.37 2,525,000 25R
2540 30D155111 69 0.1 25 17.0 0.37 2,000,000 25R
2541 30D155109 86 0.1 20 16.4 0.52 84,851 25
2542 30D155108 86 0.1 20 18.8 0.42 214,208 25
2543 30D155115 86 0.1 20 174 0.50 168,607 25
2544 30D155116 121 01 5 171 0.78 9,028 25
2545 30D155101 121 0.1 6 18.0 0.74 12,509 25
2546 30D155102 121 01 5 18.6 0.71 11,345 25
2547 30D155103 103 0.1 6 16.8 0.62 42,426 25
2591 30D155301 -195 > 13 — — | 25
2592 30D155302 -168 > 13 — — I 25
2593 30D155303 -169 > 13 — — I 25
2594 30D155304 -173 * 13 E— I 25
4445 30D155130 -103 10 4 — — 28,562 25
4446 30D155130 -103 10 4 — — 45,437 25
4447 30D155132 -103 10 4 — —- 44,837 25
4448 30D155133 -90 10 7 —- - 150,426 25
4449 30D155134 -90 10 8 — — 142,051 25
4450 30D155135 -90 10 6 — — 269,359 25
4451 30D155136 -83 10 10 — — 530,475 25

MATERIAL 40D155
Lay-up = [+40]3,Vf=0.40, Ave. thickness = 3.17 mm, S.D. = 0.09 mm, CoRezyn 63-AX-051 Polyester

2504 40D155110 147 13 11.5 14 | 25
2505 40D155105 142 13 11.2 16 | 25
2506 40D155102 142 13 11.4 n | 25
2516 40D155103 86 01 4 10.8 0.89 7,598 25



TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
2517 40D155104 86 0.1 4 11.8 0.97 6,950 25
2518 40D155106 86 0.1 4 12.2 0.93 3,054 25
2519 40D155107 69 0.1 5 11.7 0.69 27,264 25
2520 40D155108 55 0.1 12 12.3 0.46 631,703 25
2521 40D155109 55 0.1 15 11.9 0.49 275,777 25
2522 40D155111 69 0.1 5 11.8 0.67 36,776 25
2523 40D155112 69 0.1 8 12.0 0.62 34,920 25
2524 40D155113 55 0.1 20 11 0.52 857,164 25
2595 40D155301 -131 * 13 - - | 25
2596 40D155302 -135 * 13 - - | 25
2597 40D155303 -127 * 13 - - | 25
2598 40D155304 -134 * 13 - - | 25
4452 40D155137 -103 10 2 - - 635 25
4453 40D155136 -90 10 4 -- - 5,021 25
4454 40D155135 -90 10 4 - - 4,073 25
4455 40D155134 -90 10 4 - - 2,494 25
4456 40D155133 -69 10 6 - - 60,384 25
4457 40D155132 -69 10 6 - - 82,612 25
4458 40D155131 -69 10 6 - - 129,706 25
4459 40D155140 -59 10 10 - - 460,369 25
4467 40D155141 -59 10 10 - - 611,713 25

MATERIAL 45D155
Lay-up = [+45]3,Vf=0.38, Ave. thickness 3.17 mm, SD.= 0.06 mm, CoRezyn 63-AX-051 Polyester

*

2441 45D155112 106 13 9.66 220 I 25
2442 45D155105 107 * 13 10.3 24.9 I 25
2443 45D155108 108 * 13 9.97 24.0 I 25
2444 45D155104 55 0.1 12 102 0.65 12,908 25
2445 45D155106 55 01 10 9.55 0.68 15,899 25
2446 45D155113 41 01 15 104 0.41 394,632 25
2447 45D155111 55 01 10 9.01 0.64 10,671 25
2448 45D155110 41 01 20 9.33 0.43 748,125 25
2449 45D155102 34 01 20 9.10 0.38 2,167,690 25R
2450 45D155107 4 0.1 12 106 0.42 507,811 25
2451 45D155114 69 01 2 9.06 0.92 1,885 25
2452 45D155109 69 01 2 9.65 0.97 1,639 25
2453 45D155103 69 01 2 9.40 0.99 3,669 25
2599 45D155301 -139 * 13 — — | 25
2600 45D155302 -135 * 13 — — | 25
2601 45D155303 -135 * 13 — — | 25
2602 45D155304 -142 * 13 — — [ 25
4399 45D155140 -97 10 2 — — 1,236 25
4400 45D155143 -69 10 5 — — 523,409 25
4401 45D155141 -69 10 10 — — 597,040 25
4402 45D155142 -69 10 10 — — 362,225 25
4403 45D155149 -69 10 10 — 367,979 25
4404 45D155145 34 -1 5 — 153,354 25

4405 45D155148 34 -1 5 — — 64,588 25
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4406 45D155144 34 -1 5 — — 114,603 25
4407 45D155146 -83 10 8 — — 19,588 25
4408 45D155147 -83 10 5 — — 34,052 25
4409 45D155120 -83 10 5 — — 28,684 25
4410 45D155119 -97 10 2 — — 3,655 25
4411 45D155115 -97 10 2 — — 4,822 25
4412 45D155121 28 -1 10 — — 705,984 25
4413 45D155116 28 -1 10 — — 791,693 25
4414 45D155164 41 -1 2 — — 12,406 25
4415 45D155160 41 -1 2 — — 10,061 25
4416 45D155161 41 -1 2 — — 19,692 25

MATERIAL 45D155V2
Lay-up = [+45]3,VF=0.38, Ave. thickness = 3.10 mm, S.D. = 0.10 mm, Derakane 8084 Epoxy Vinyl ester

4417 45D 155V 349 -69 10 12 — — 2,569,227 25
4418 45D 155Vv322 -83 10 5 — — 148,697 25
4419 45D 155V 326 -83 10 5 - — 82,143 25
4420 45D 155V 344 -83 10 5 — — 267,226 25
4421 45D155Vv320 -69 10 10 - — 1,700,116 25
4422 45D 155V 325 -69 10 12 - — 1,154,414 25
4423 45D 155V 330 -151 * 13 — —= | 25
4424 45D 155V 329 -148 * 13 -— — | 25
4425 45D 155V 331 -149 * 13 — - | 25
4426 45D155Vv314 136 * 13 9.9 — | 25
4427 45D 155V 313 129 * 13 10.6 — | 25
4428 45D 155V 316 141 * 13 11.0 — | 25
4429 45D 155V 315 48 0.1 5 10.1 0.53 137,932 25
4430 451)15537311 48 0.1 5 — — = 262,388 25
4431 45D 155Vv301 48 0.1 5 10.9 0.49 321,891 25
4432 45D 155V 304 55 0.1 5 — — 27,606 25
4433 45D 155V 303 41 0.1 10 9.5 0.51 770,759 25
4434 45D 155V 302 41 0.1 10 9.5 0.50 1,233,580 25
4435 45D 155V 310 41 0.1 10 10.6 0.44 1,289,647 25
4436 45D 155V 161 -69 10 10 — — 4,975,500 25 R

MATERIAL 45D155P2
Lay-up = [+45]3,Vf=0.40, Ave. thickness = 3.05 mm, S.D. =0.02 mm, CoRezyn 75-AQ-010 Isopolyester

4622 1S045114 55 0.1 3 119 0.57 4,934 25
4623 1SO45101 55 0.1 2 10.9 0.63 5,740 25
4624 1SO45102 41 0.1 5 117 0.39 202,047 25
4625 1SO45103 41 0.1 5 11.3 0.42 192,822 25
4626 1S045111 41 0.1 5 115 0.40 179,293 25
4627 1ISO45110 38 0.1 7 113 0.37 811,700 25
4628 15045112 55 01 2 118 0.58 6,965 25
4629 1ISO45109 48 0.1 3 —— -— 21,334 25
4630 1SO45108 48 0.1 2 10.8 0.54 17,395 25
4631 1SO45107 48 0.1 2 —- — 9,479 25
4632 1SO45106 38 0.1 4 10.8 041 422,361 25
4633 1SO45105 95 * 13 12.0 1.30 I 25
4634 1SO45104 97 * 13 12.0 135 | 25
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
4635 1S045113 96 * 13 11.3 1.4 I 25
4636 1S045119 -156 * 3 — I 25
4637 1S045116 -165 * 13 — — I 25
4638 1S045115 -158 * 13 — I 25

4639 1S045117 -161 * 13 | 25

MATERIAL 45D155v
Lay-up = [45]3 V= 0.40, Ave. thickness = 3.00 mm, S.D. = 0.07 mm, Derakane 411C-50 vinyl ester

4869 41145113 41.4 0.1 10 10.2 0.40 4,000,000 25R
4870 41145101 69 0.1 10.5 0.84 4,581 25
4871 41145109 130 * 13 10.8 21 I 25
4872 41145106 118 * 13 10.1 15 I 25
4873 41145107 116 * 13 10.5 23 I 25
4874 41145105 55.2 01 3 10.5 0.64 38,539 25
4875 41145104 55.2 01 4 10.8 0.61 51,501 25
4876 41145102 55.2 01 3 114 0.60 62,968 25
4877 41145110 69 0.1 2 11.2 0.86 7,247 25
4879 41145112 69 0.1 2 — — 6,339 25
5908 41145116 -155 > 13 — — I 25
5909 41145115 -153 * 13 — — I 25
5910 41145119 -154 * 13 — — I 25
5911 41145118 -154 * 13 I 25

MATERIAL 50D 155
Lay-up = [+50]3,Vf=0.39, Ave. thickness = 3.23 mm, S.D. = 0.11 mm, CoRezyn 63-AX-051 Polyester

*

2454 50D155114 67 13 8.33 20 I 25
2455 50D155113 67 * 13 8.39 19 I 25
2456 50D155107 63 * 13 8.43 17 I 25
2457 50D155104 35 01 20 8.62 041 136,803 25
2458 50D155116 35 0.1 15 9.00 041 72,943 25
2459 50D155115 35 0.1 15 8.32 0.42 96,273 25
2460 50D155111 28 01 15 8.11 0.36 1,855,523 25
2461 50D155106 41 01 5 8.81 0.48 11,555 25
2462 50D155108 41 01 7 8.74 0.52 11,608 25
2463 50D155112 41 0.1 4 8.90 0.53 11,509 25
2464 50D155105 28 0.1 15 8.42 0.37 1,159,160 25
2465 50D155101 58 > 13 8.43 30.0 I 25
2466 50D155102 67 * 13 9.52 22.2 I 25
2603 50D155301 -132 * 13 — — I 25
2604 50D155302 -142 * 13 —= — | 25
2605 50D155303 -139 * 13 — — | 25
2606 50D155304 -138 * 13 - — | 25
4468 50D155134 -90 10 3 — — 10,617 25
4469 50D155133 -90 10 3 — 9,472 25
4470 50D155132 -90 10 3 — — 11,783 25
4471 50D155131 -69 10 8 - - 2,313,976 25



TEST &
SAMPLE
ID #

4472
4473
4613
4619

MATERIAL 60D155
Lay-up = [£60]3,Vf= 0.40,

2482
2483
2484
2576
2548
2549
2550
2551
2552
2553
2554
2555
2556
2557
2607
2608
2609
2610
4437
4438
4439
4440
4441
4442
4443
4444

MATERIAL 70D155
Lay-up = [£70]3,Vf= 0.40%, Ave. thickness =

2485
2486
2487
2577
2525
2526
2527
2528
2529
2530

50D155135
50D155136
50D155137
50D155145

60D155103
60D155106
60D155101
60D155146
60D155108
60D155115
60D155113
60D155104
60D155105
60D155109
60D155107
60D155110
60D155116
60D155102
60D155301
60D155302
60D155303
60D155304
60D155162
60D155141
60D155166
60D155160
60D155165
60D155142
60D155114
60D155164

70D155101
70D155104
70D155107
70D155141
70D155111
70D155109
70D155106
70D155110
70D155108
70D155103

MAX.
STRESS
MPa

-79
-76
-79
-100

R

N AR DS

CYCLES
TO FAIL

38,964
128,196
83,779
- - 2,213

WIDTH
(mm)
and Notes
25
25
25
25

Ave. thickness = 3.11 mm, S.D. =0.14 mm, CoRezyn 63-AX-051 Polyester

37
34
36
40
24
24
24
21
21
28
28
28
19
21
-144
-133
-143
-144
-103
-103
-103
-86
-86
-86
-79
-79

28
27
26
30
17
17
17
14
17
16

* % % %

* % % %

0.1

0.1
01
01
01

13
13
13
13
10
15
10
20
15

4
5
5

7.02 0.65 |
7.04 0.65 |
7.44 0.62 |
7.99 0.60 |
8.00 0.31 23,872
8.33 0.32 35,211
8.26 0.32 17,122
7.81 0.27 160,347
8.30 0.25 369,336
8.20 0.38 4,716
7.75 0.37 3,715
7.23 0.36 2,270
7.24 0.25 1,915,213
7.33 0.27 217,771
— — |
— — |
— — I
— — I
— — 2,461
""""" - — 1,786
— - 4,011
-= — 19,416
— - 21,746
— - 33,065
- - 573,969

434,136

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25

3.17. mm, S.D. =0.04 mm, CoRezyn 63-AX-051 Polyest

13
13
13
13
10
12
12
20
15
20

6.67 0.49 I
6.86 0.46 |
6.51 0.44 |
7.51 0.49 |
7.84 0.21 30,672
8.16 0.19 51,196
7.90 0.23 43,825
7.31 0.19 1,045,443
7.14 0.28 27,455
7.47 0.20 296,781

25
25
25
25
25
25
25
25
25
25



TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
2531 70D155102 19 0.1 5 7.09 0.27 8,217 25
2532 70D155134 19 0.1 5 7.21 0.26 10,888 25
2533 70D155123 19 0.1 5 7.19 0.27 27,256 25
2534 70D155121 16 0.1 15 6.66 0.24 246,630 25
2535 70D155122 16 0.1 15 717 0.22 421,514 25
2611 70D155301 -133 * 13 -— —- | 25
2612 70D155302 -136 * 13 e — | 25
2613 70D155303 -138 * 13 — —- | 25
2614 70D155304 -138 * 13 e - - | 25

MATERIAL 80D155
Lay-up = [£80]3,V¥=0.38, Ave. thickness = 3.32 mm, S.D. = 0.10 mm, CoRezyn 63-AX-051 Polyester

2488 80D155105 27 * 13 7.79 0.38 I 25
2489 80D155103 25 * 13 7.00 0.34 I 25
2490 80D155101 24 * 13 7.05 0.37 I 25
2578 80D155141 27 * 13 7.75 0.38 | 25
2580 80D155201 26 * 13 9.30 0.30 I 25
2581 80D155202 26 * 13 8.15 0.34 I 25
2582 80D155203 27 * 13 8.65 0.34 | 25
2494 80D155120 26 * 13 6.95 0.35 | 25
2495 80D155122 24 * 13 6.43 0.35 | 25
2491 80D155102 17 0.1 2 7.59 0.24 2,096 25
2492 80D155112 17 0.1 2 6.79 0.25 865 25
2493 80D155104 17 0.1 2 7.35 0.24 3,673 25
2496 80D155121 12 01 25 7.49 0.15 8,000,000 25R
2497 80D155106 16 0.1 5 8.42 0.19 34,973 25
2498 80D155109 16 0.1 15 7.02 0.20 16,756 25
2499 80D155111 16 0.1 10 7.81 0.20 24,111 25
2500 80D155123 14 0.1 10 7.42 0.18 135,541 25
2501 80D155145 14 0.1 10 7.06 0.18 261,230 25
2502 80D155146 14 0.1 10 7.20 0.18 186,407 25
2619 80D155205 -148 * 13 — — I 25
2620 80D155206 -146 * 13 — — I 25
2621 80D155207 -156 * 13 — -- I 25
2622 80D155208 -162 * 13 —- — | 25

MATERIAL 90D155
Lay-up = [£90]3,V£=0.38, Ave. thickness = 3.32 mm, S.D. = 0.12 mm, CoRezyn 63-AX-051Polyester

2467 90D155105 27 * 13 721 0.38 | 25
2468 90D155110 26 * 13 7.30 0.34 I 25
2469 90D155104 24 * 13 6.44 0.34 | 25
2579 90D155141 29 * 13 9.04 0.34 | 25
2470 90D155101 17 0.1 5 7.23 0.24 17,903 25
2471 90D155102 17 0.1 5 7.60 0.24 22,344 25
2472 90D155103 17 0.1 5 7.00 0.25 27,113 25

2473 90D155107 14 0.1 15 7.31 0.17 612,541 25



TEST &
SAMPLE
ID #

2474
2475
2476
2477
2578
2479
2480
2481
2623
2624
2625
2626
4614
4615
4616
4617
4618
4620
4621

90D155108
90D155113
90D155109
90D155125
90D155130
90D155120
90D155122
90D155121
90D155112
90D155111
90D155301
90D155302
90D155139
90D155130
90D155131
90D155132
90D155133
90D155134
90D155139

MAX.
STRESS
MPa

19
19
19
14
14
28
28
27
-108
-129
-126
-128
-66
-90
-719
-79
-79
-90
-90

MATERIAL 90D155V2
Lay-up = [90]6 V= 0.38, Ave. thickness = 3.31 mm, S.D. =0.09 mm,

4760
4761
4762
4763
4764
4765
4766
4767
4768
4769
4770
4771
4772
5912
5913
5914
5915

MATERIAL 90D155V

808490207
808490213
808490211
808490215
808490214
808490212
808490209
808490208
808490206
808490216
808490202
808490217
808490201
808490218
808490219
808490221
808490200

17.2
511
34.5
27.6
20.7
20.7
20.7
217.6
27.6
34.5
34.5
55.8
52.0
-175
-172
-172
-166

R

0.1
*

01
0.1
0.1
01
01
0.1
0.1
0.1
0.1
*
S
*
*

~NUTNN

—— 1 O

13
13
13
13
13
13

8.72
9.32
8.61
9.32
9.12
8.76
8.74
9.38
8.70
8.42
8.25
9.66
8.09

0.20
0.56
0.41
0.32
0.23
0.24
0.24
0.30
0.33
0.41
0.43
0.58
0.64

Lay-up = [90]6 V¥=0.40, Ave. thickness = 2.98 mm, S.D. = 0.10 mm,

4776
4777
4778
4779

41190130
41190140
41190136
41190141

43.8
51.2
52.8
20.7

*

0.1

13
13
13
10

7.63
9.81
10.3
118

0.40
0.52
0.51
0.19

CYCLES
TO FAIL

783
1,800
1,179

1,190,051
1,712,400
|

I
20,000,000
39,215
400,785
515,123
780,009
27,023
26,104

WIDTH
(mm)
and Notes
25
25
25
25
25
25
25
25
25
25
25
25
25R
25
25
25
25R
25
25

Derakane 8084 vinyl ester

2,000,000
I

1,486
85,350
248,600
153,624
2,163,003
10,162
19,542
422

548

I

25R
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25

Derakane 411C-50 vinyl ester

I
I
I
223,965

25
25
25
25



TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
4780 41190131 20.7 0.1 8 13.0 0.19 184,528 25
4781 41190149 20.7 0.1 10 11.1 0.19 138,110 25
4782 41190148 27.6 0.1 5 9.42 0.31 2,730 25
4783 41190135 27.6 0.1 5 10.8 0.26 15,581 25
4784 41190134 27.6 0.1 4 101 0.28 12,939 25
4785 41190147 24.1 0.1 5 8.21 0.31 77,719 25
4786 41190146 24.1 0.1 8 11.8 0.25 52,833 25
4787 41190138 24.1 0.1 4 10.1 0.24 30,181 25
4788 41190137 17.2 0.1 15 103 0.17 2,000,000 25 R
5916 41190145 -173 * 13 - — I 25
5917 41190144 -164 * i J— — I 25
5918 41190132 -173 * 13— — | 25
5919 41190139 -158 * 13 | 25

MATERIAL 90D155E2
Lay-up = [90]6 VF=0.38, Ave. thickness = 3.41 mmi, S.D. = 0.20 mm, SC 14 epoxy

4789 SC 1490216 27.6 0.1 0.1 9.29 0.35 254 25
4790 SC 1490215 20.7 g.l 0.1 5.48 0.40 1,161 25
4791 SC 1490207 38.2 13 6.72 0.57 I 25
4792 SC 1490204 39.8 * 13 7.20 0.55 I 25
4793 SC 1490208 43 * 13 8.34 0.52 I 25

4794 SC 1490206 13.8 01 15 9.10 0.15 3,000,000 25R
4795 SC 1490209 20.7 01 3 5.30 0.40 8,141 25
4796 SC1490213 17.2 0.1 5 7.30 0.26 292,196 25
4797 SC 1490210 20.7 0.1 3 8.06 0.27 27,984 25
4798 SC1490212 26.1 2.1 3 5.93 0.44 402 25

5904 SC1490211 -151 13 — — | 25

5905 SC1490201  -153 * K J— _— I 25
5906 SC1490203  -151 * 3 - S I 25
5907 SC1490205  -151 * G J— — I 25

MATERIAL ROVI (0/90 ROVING)
Lay-up = [0/90]7,Vf=0.46, Ave. thickness = 2.96 mm, S.D. = 0.16 mm, CoRezyn 63-AX-051 Polyester.
Tests 2095 - 2108 in this section were done for Table 10. Compression tests involved a 13 mm gage length.

2094 ROVOI 380 * 025 228 2.40 | ZERO
2095 ROV02 364 : 025 225 2.20 I ZERO
2096 ROV03 374 - 025 248 2.20 | ZERO
2097 ROV04 97 025 110 — | +45
2098 ROV05 102 : 025 114 — I +45
2099 ROV06 99 025 114 — I +45
2100 ROV07 213 * 025 203 — | ZERO
2101 ROVO08 -230 : 025 216 —_— | ZERO
s RovIo s * ox 18 — Lo
2104 ROVII -100 * 025 112 —— I +45
2105 ROV12 97 * 025 113 o | +45
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
2106 ROV50 -207 * 0.25 137 — | ZERO
2107 ROV51 410 * 0.25 254 — | ZERO
2108 ROV52 102 * 0.25 139 - | +45

MATERIAL ROV2 (0/90 ROVING)
Lay-up = [0/90]4,V£= 0.30, Ave. thickness = 4.08 mm, S.D. = 0.10 mm, CoRezyn 63-AX-051 Polyester

*

4193 ROV217 326 13 | 25
4194 ROV215 103 9.1 10 - - 3,200,000 25R
4195 ROV218 380 13 21.0 19 | 25
4196 ROV206 381 * 13 21.6 18 | 25
4197 ROV205 241 01 | 213 1.45 1,642 25
4198 ROV201 172 01 3 21.7 0.96 13,794 25
4199 ROV200 138 0.1 5 21.2 0.74 608,189 25
4200 ROV204 172 0.1 2 22.4 0.87 40,071 25
4201 ROV203 172 0.1 3 231 0.89 63,917 25
4202 ROV214 138 0.1 10 21.2 0.78 723,201 25
4203 ROV212 138 0.1 10 21.0 0.81 483,611 25
4204 ROV207 241 0.1 | 20.9 1.50 1,043 25
4205 ROV219 241 0.1 | 20.7 1.58 494 25
4226 ROV231 -266 * 13 — B | 25
4227 ROV230 -245 > 13 e E— | 25
4228 ROV232 -217 * 13 — E— I 25
4229 ROV238 -247 * 13 — — I 25

MATERIAL ROV 3 (0/90 ROVING)
Lay-up = [0/90]5,Vf=0.40, Ave. thickness = 3.15 mm, S.D. = 0.05 mm, CoRezyn 63-AX-051 Polyester

4284 ROV3106 406 * 13 211 23 | 25
4285 ROV3109 443 * 13 214 2.4 | 25
4286 ROV3103 416 * 13 210 23 | 25
4287 ROV3107 207 0.1 2 20.1 135 3,055 25
4288 ROV3112 207 0.1 2 215 1.26 823 25
4289 ROV3108 207 0.1 3 20.9 1.34 3,720 25
4290 ROV3114 172 0.1 4 20.0 1.10 23506 25
4291 ROV3110 172 0.1 4 20.2 1.06 14233 25
4292 ROV3111 172 0.1 4 20.7 1.03 28712 25
4293 ROV3102 103 0.1 10 212 0.58 4,320,474 25
4294 ROV3113 138 0.1 6 19.9 0.85 351549 25
4295 ROV3115 138 0.1 6 22.0 0.79 690,805 25
4296 ROV3104 138 0.1 6 211 0.80 216,248 25
4297 ROV3101 138 0.1 6 20.7 0.84 264,008 25
4314 ROV3130 -201 * (< J— — | 25
4315 ROV3131 -204 * i J— — | 25
4316 ROV3132 -204 * 13 - - | 25
4320 ROV3105 103 0.1 10 217 0.61 4,855,537 25

4327 ROV3130 103 0.1 8 21.0 0.63 5,981,053 25
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes

MATERIAL ROV4 (0/90 ROVING)
Lay-up = [0/90]6,Vf= 0.53, Ave. thickness = 3.71 mm, S.D. =0.09 mm, CoRezyn 63-AX-051 Polyester

4298 ROV4109 207 0.1 2 27.5 1.04 1,501 25
4299 ROV4110 207 0.1 2 28.1 105 1,558 25
4300 ROV4111 207 01 2 26.4 111 2,319 25
4301 ROV4106 172 01 3 28.1 0.83 4,371 25
4302 ROV4105 172 01 3 24.4 0.98 3,514 25
4303 ROV4114 172 01 3 26.8 0.90 4,498 25
4304 ROV4115 138 01 5 27.0 0.67 14,689 25
4305 ROV4107 138 0.1 5 28.1 0.65 8,459 25
4306 ROV4113 138 01 5 27.2 0.67 11,994 25
4307 ROV4112 103 0.1 6 25.1 0.51 68,112 25
4308 ROV4104 502 : 13 25.3 2.2 | 25
4309 ROV4108 524 13 24.3 2.4 | 25
4310 ROV4102 488 * 13 25.4 21 | 25
4311 ROV4117 103 01 5 28.0 0.47 76,081 25
4312 ROV4116 103 0.1 5 27.7 0.46 147,753 25
4313 ROV4103 86 01 15 26.7 0.36 1,965,313 25
4317 ROV4130 -351 13 — — | 25
4318 ROV4131 -302 * 13 — — | 25
4319 ROV4132 -289 * 13 — — | 25
4321 ROV4101 86 01 15 26.9 0.35 924,136 25
4324 ROV4120 86 01 10 27.2 0.36 273,658 25
4326 ROV4121 86 0.1 5 27.1 0.35 1,135,918 25
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HIGH CYCLE FATIGUE DATABASE

The High Cycle Fatigue Database studied two basic composite materials, a (O)2and a (90)4 laminate, at R
values of 2, 10, -1, 0.1 and 0.5. The Fatigue tests were carried out to 100 million cycles and involved testing
frequencies up to 100 Hz. Smaller and thinner composites were necessary to avoid thermal failures.

f BO MM -revvmrmmrnenns H

h-6 age Lengtn —H

Gage Length, Radius and Width of [0]2and [90]4 Test Coupons in the High Cycle Database

Direction and R value Gage Length Radius Width
[0] R=2, 10 5mm No radius 6 mm
[90] R =2, 10, -I 5mm 19 mm
[90] R=0.1,05 25 mm 19 mm
[0] R=0.1,05 10 mm 17 mm 6 mm
[0] R=-1 5mm
TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes

MATERIAL (02
Lay-up = (0)2,V£=0.48 - 0.52, Average Thickness (Non-Tapered Coupons) = 0.82 mm, S.D. =0.05 mm
(min =0.71 mm, max = 0.89 mm), Knytex D155 Fabric (527 g/m2, CoRezyn 63-AX-051 Polyester

5001 CT4 1627 : 6 46.2 3.53 | 6 tab
5002 AT2 1517 . 6 46.2 3.28 | 6 tab
5003 AT26 1393 3 46.2 3.01 I 6 tab
5004 CT3 1344 : 001 462 291 | 6 tab
5146 TF514 1332 5 39 2.88 I 6 tab
5147 TF510 1249 : 01 39 2.70 I 6 tab
5148 TF504 1398 5 39 3.03 | 6 tab
5149 TF505 1329 * 5 39 2.88 | 6 tab
5150 TF501A 1274 * 5 39 2.76 | 6 tab
5151 TF502A 1589 * 5 39 3.43 | 6 tab
5152 TF503A 1496 * 5 39 3.23 | 6 tab
5153 TF510 1249 : 5 39 2.70 | 6 tab
5154 ATS 1270 - 05 462 2.75 I 6 tab
5155 AT4 1343 . 05 462 2901 | 6 tab
e TS 2 " o % aes L e
5158 TF501 1713 : 5 39 3.70 I 6 tab
5159 TF502 1391 5 39 3.01 I 6 tab
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TEST & MAX. R Q E e CYCLES
SAMPLE STRESS Hz GPa % TO FAIL
ID # MPa

5005 AT27 690 0.1 20 46.2 1.49 2,982
5006 CTI 690 0.1 20 46.2 1.49 45,845
5007 ATI9 469 0.1 60 46.2 101 157,502
5008 ATI8 469 0.1 60 46.2 1.01 702,844
5009 AT23 414 01 80 46.2 0.90 602,984
5010 AT20 414 0.1 80 46.2 0.90 2,269,945
5011 CT5 310 0.1 100 46.2 0.67 5,902,329
5012 ¢t 310 0.1 100 46.2 0.67 78,810,903
5013 ¢ 310 0.1 100 46.2 0.67 110,539,817
5160 Tl 345 0.1 60 46.2 0.60 5,151,390
5161 T2 345 0.1 40 46.2 0.60 772,447
5162 FT6 538 0.1 60 46.2 116 144,728
5163 TF503 345 0.1 60 46.2 0.75 6,889,310
5164 TF506 538 0.1 60 46.2 1.16 891,716
5165 AT3 207 0.1 100 46.2 0.45 14,715,704
5166 AT21 414 0.1 80 46.2 0.90 80,439
5167 AT22 414 0.1 80 46.2 0.90 98,566
5014 TF513 1310 * 5 39.2 331 |
5015 TF512 1426 * 5 39.2 3.64 |
5016 TF515 1396 * 5 39.2 3.56 |
5017 TF516 1295 * 20 39.2 3.34 |
5018 TF525 602 0.5 60 39.2 154 235,881
5019 TF526 602 0.5 60 39.2 154 284,150
5168 TF524 602 0.5 40 39.2 154 2,513,501
5020 TF527 606 0.5 60 39.2 154 850,428
5021 TF521 535 0.5 80 39.2 1.36 417,082
5022 TF528 535 0.5 80 39.2 1.36 1,095,381
5023 TF522 535 0.5 80 39.2 1.36 4,112,276
5169 TF517 535 05 60 39.2 1.36 486,856
5170 TF518 535 0.5 60 39.2 1.36 368,725
5024 TF529 468 0.5 100 39.2 119 11,927,857
5025 TF520 468 05 100 39.2 119 16,711,593
5026 TF519 401 05 100 39.2 1.02 100,686,430
5171 TF507 717 05 40 39.2 1.82 474,816
5172 TF508 627 0.5 60 39.2 1.60 11,276,771
5173 TF504A 807 05 40 39.2 2.06 245,223
5174 TF505A 627 05 60 39.2 1.60 3,527,508
Brackets after the sample ID indicate ths coupon fiber volume in the radius

5027 AC 14 (57) =742 . 0.8 35.6 -2.09 |
5028 AC 17 (46) -741 0.8 35.6 -2.09 |
5029 ACI3(45)  -683 * 08 356  -193 |
5030 ACII (48) -414 10 40 35.6 -1.17 8,226
5031 AC12 (49) -414 10 40 35.6 -1.17 10,886
5032 ACS8 (61) -414 10 40 35.6 -1.17 19,210
5033 AC15 (61) -345 10 60 35.6 -0.97 337,992
5034 AC 16 (46) -345 10 60 35.6 -0.97 375,478
5035 AC7 (50) -345 10 60 35.6 -0.97 587,407

5036 AC30 (48) -276 10 100  35.6 -0.78 103,112,335
5037 ACIO (51) -276 10 100  35.6 -0.78 103,573,682
5175 AC2 -414 10 40 35.6 -1.17 2,688

WIDTH
(mm)
and Notes
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 R tab
6 R tab
6 tab
6 tab
6 tab
6 R tab
6 tab
6 R tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 R tab
6 tab
6 tab
6 tab
6 tab

6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 R tab
6 R tab
6 tab



TEST &
SAMPLE
ID #

5176
5177
5178
5179
5180
5181
5182
5183
5184
5185
5186
5187
5188
5189
5190
5191
5192
5193
5194
5195
5196
5038
5039
5040
5041
5042
5043
5044
5045
5046
5047
5048
5049
5197
5198
5199
5050
5051
5052
5053
5054
5055
5056
5057
5200
5201
5202
5203
5204

ACI

C2A

C6

7A

WAI
WA4
WAS
WAIO
cC3

cca

ccs

CC6

ccs

cco
cclo
ccli
CcC12
CCI12A
c2

FCl

AC19 (49)
AC26 (49)
AC29 (49)
AC20 (51)
AC21 (47)
AC24 (52)
AC31 (44)
AC22 (46)
AC32 (46)
AC35 (48)
AC25 (49)
AC23 (50)
AC34
AC33
AC32
TCTI
TCT2
TCT3
TCT4
TCCl
TCC2
TCC3
TCca
OSTCl
0STC3
OFTCI
OFTC2
AC36

MAX.
STRESS
MPa

-345
-264
-207
-207
-276
-276
-345
-276
-345
-345
-379
-379
-379
-379
-379
-379
-379
-379
-379
-345
-234
-552
-552
-552
-552
-483
-483
-483
-483
-448
-448
-448
-414
-448
-448
-448
1367
1387
1279
1527
-646
-463
-689
-537
-481
-478
-513
-534
-592

R

PR RRRPRRERER R =
EBEESbbEEbbEbEEebbEbEbEBEEBEE8EE8

ok Ok % X % 2k % 3k %k 2k X ADNDPN NN PNMNDNDDNDNDNDNDNDNMDNDNDNDNDDNDDN
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60
80
100
20
30
30
30
30
60
10
10
10
50
10
50
50
10
30
30
30
60
60
60
60
60
80
80
80
80
100
100
100
100
100
100
100
20
20
20
20
20
20
20
20
0.2
0.2

GPa

35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
35.6
354
354
354
354
354
354
354
354
35.4
354
354
354
35.4
354
354
39.2
39.2
39.2
39.2
41.2
41.2
41.2
41.2

CYCLES
TO FAIL

76,726
13,990,000
51,028,261
10,188,704
12,635,375
9,707,898
52,740
10,106,247
69,631
781,804
4,021
496,674
12,660
3,638,153
4,765
8,349
1,336,317
10,192
6,550
37,274
23,110,567
9,255
12,319
22,071
46,085
11,347
38,158
45,312
103,970
17,937
3,891,657
100,081,219
107,413,026
403,736
34,426
17,937

|

WIDTH
(mm)
and Notes
6 tab
6 tab
6 R tab
6 R tab
6 R tab
6 R tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 R tab
6 R tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
6 tab
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
5205 AC37 -639 * 5 - -— | 6 tab
5206 9A -501 * 5 — — | 6 tab
5207 I0A -500 * 5 — | 6 tab
5208 13A -502 * 5 — -— | 6 tab
5209 WA7 -613 * 5 — | 6 tab
5210 WAS -588 * 5 — —-— I 6 tab
5211 WAQ -596 * 5 — — | 6 tab
5212 TCl 293 -l 20 — — 3,596 6 tab
5213 OFTS4 267 -l 10 — 146,258 6 tab

w
o
S |
o
(V)
o
o
o

5058 TC15 (45) 264 -1 124,950 6 tab
5059 TC16 (45) 264 -1 30 40.2 0.66 337,226 6 tab
5060 TC 13 (45) 264 -1 30 40.2 0.66 437,113 6 tab
5214 TC14 264 -1 30 40.2 0.66 1,260,397 6 tab
5215 TC12 234 -1 30 40.2 0.58 754,410 6 tab
5061 TCII (40) 234 -1 30 40.2 0.58 591,914 6 tab
5062 TC7 (40) 234 -1 30 40.2 0.58 781,045 6 tab
5063 TC9 (40) 234 -1 30 40.2 0.58 1,981,821 6 tab
5064 TC22 205 -1 40 40.2 0.51 2,037,672 6 tab
5065 TC18 (35) 205 -1 40 40.2 0.51 6,141,627 6 tab
5066 TC6 (35) 205 -1 40 40.2 0.51 7,080,727 6 tab
5067 TCIO (35) 205 -1 40 40.2 0.51 7,605,707 6 tab
5068 TC21 176 -1 50 40.2 0.44 10,382,631 6 tab
5069 TC19 176 -1 50 40.2 0.44 17,272,745 6 tab
5070 TC20 176 -1 50 40.2 0.44 100,000,000 6 R tab
5216 OFTCII 160 -1 60 40.2 0.40 25,924,921 6 R tab
5217 OFTC12 187 -1 40 40.2 0.47 4,850,470 6 tab
5218 OFTS19 187 -1 30 40.2 0.47 3,267,903 6 tab
5219 OFTC20 187 -1 30 40.2 0.47 6,909,213 6 tab
5071 TC601 1618 * 20 40.2 4.02 | 6 tab
5072 TC602 1382 * 20 40.2 3.44 | 6 tab
5073 TC603 1410 * 20 40.2 351 | 6 tab
5074 TC604 -746 * 20 40.2 -1.86 | 6 tab
5075 TC605 -716 > 20 40.2 -1.78 | 6 tab
5076 TC606 -687 * 20 40.2 -1.71 | 6 tab
5077 TC608 294 -0.5 20 40.2 0.73 54,401 6 tab
5078 TC609 294 -0.5 20 40.2 0.73 151,631 6 tab
5079 TC613 294 -0.5 20 40.2 0.73 2,215,625 6 tab
5080 TC610 257 -0.5 20 40.2 0.64 338,635 6 tab
5081 TC611 257 -0.5 20 40.2 0.64 677,151 6 tab
5082 TC616 257 -0.5 20 40.2 0.64 4,237,939 6 tab
5083 TC614 257 -0.5 20 40.2 0.64 4,554,382 6 tab
5084 TC612 220 -0.5 20 40.2 0.55 3,089,148 6 tab
5085 TC615 220 -0.5 20 40.2 0.55 11,113,718 6 R tab
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes

MATERIAL (90)4
Lay-up = (90)4,Vf=0.38, Average Thickness = 1.38 mm, S.D. =0.15 mm (min = 1.07 mm, max = 1.75 mm)
Hexcel DIOO Fabric (340 g/m2), CoRezyn 63-AX-051 Polyester

5220 90CF7 111 : 4 9.0 -1.23 | 13 tab
27 wom a2 * 4 e im | b
5223 90CF4 -128 * 4 9.0 1,42 | 13 tab
5224 90CF4A -157 * 4 9.0 174 [ 13 tab
. . .
5225 90CF4B -136 . 4 9.0 -151 | 13 tab
5226 90CF8 -HO 4 9.0 -1.22 | 13 tab
5227 90CF6A -136 * 4 9.0 -151 | 13 tab
5086 90CF6T -145 * 4 9.0 -161 | 13 tab
5087 90CF5T -160 * 4 9.0 -1.78 | 13 tab
5088 90CF7T -124 * 4 9.0 -1.38 | 13 tab
5228 90CF4A -76 10 40 90 -0.84 76,674 13 tab
5089 90CF10T -70 10 50 9.0 -0.79 13,122 13 tab
5090 90CF17T -70 10 50 9.0 -0.79 33,632 13 tab
5001 90CF15T -70 10 50 9.0 -0.79 268,262 13 tab
5092 90CF12T -64 10 70 90 -0.72 290,252 13 tab
5093 90CF1IT -64 10 70 9.0 0.72 697,512 13tab
5094 90CF18T -64 10 70 90 -0.72 1,330,488 13 tab
5229 90CF19 -59 10 70 90 -0.65 1,407,676 13tab
5230 90CF16 -59 10 70 9.0 -0.65 2,218,971 13 tab
5231 90CF13 -59 10 100 9.0 -0.65 45,789,443 13tab
5095 90CF21T -59 10 100 9.0 -0.65 12,000,998 13 tab
5096 90CF9T -59 10 100 9.0 -0.65 34,986,168 13 tab
5097 90CF20T -55 10 100 9.0 -0.65 107,839,549 13 R tab
5232 90CF22 -55 10 100 9.0 -0.65 15,368,000 13R tab
00 CraozT 13 * w0 80 in | D
5100 CF503T -121 * 20 90 -1.34 | 13tab
*
5101 CF504T -115 20 9.0 -1.27 | 13 tab
5102 CF518T -88 2 40 90 -0.98 121,730 13 tab
5103 CF514T -88 2 40 90 -0.98 511,744 13tab
5104 CF517T -88 2 40 90 -0.98 621,878 13tab
5105 CF513T -82 2 60 9.0 -0.92 853,552 13 tab
5106 CF512T -82 2 60 9.0 -0.92 2,675,404 13tab
5107 CF507T -82 2 60 9.0 -0.92 3,705,190 13 tab
5108 CF511T -76 2 80 9.0 -0.85 31,971,669 13 tab
5109 CF519T -76 2 80 9.0 -0.85 100,682,804 13R tab
5233 90CF505 -76 2 70 90 -0.79 11,667,961 13 tab
5110 90FT5T 22 20 86 0.25 | 13 tab
5111 90FT6T 18 * 20 86 0.21 I 13 tab
5112 90FT7T 23 * 20 86 0.27 I 13 tab
5113 90FT1T 22 : 20 86 0.36 I 13 tab
5234 90FT12 18 | 8.6 0.21 [ 13tab
5114 90FT18TA 14 0.1 60 86 0.16 9,383 13 tab
5234 90FT9 14 0.1 30 86 0.16 3,257 13 tab



TEST &
SAMPLE
ID #

5235
5115
5116
5117
5118
5119
5120
5236
5121
5122
5237
5238
5239
5240
5241
5242
5243
5244
5245
5246
5247
5248
5249
5250
5251
5252
5123
5124
5125
5126
5127
5128
5129
5130
5131
5132
5253
5133
5134
5135
5136
5254
5255
5256
5137
5138
5139
5140
5141

90FT11
90FT15A
90FT3T
90FT26T
90FT14T
90FT15T
90FT8T
90FT13
90FTAT
90FT11T
90FT19A
90FT13
90FT14A
90FT8
90FT10
90FT13A
90FT14
90FT15
90FT20
90TCA1l
90TCBI
90FTC2
90FTC3
90FT18
90FT19B
90FT14
TIS01T
TI1502T
TI503T
TI509T
TIS07T
TI505T
TI508T
TI504T
TI506T
TI514T
TI515T
TI513T
TCHIT
TCH2T
TCH3T
90FT16
90FT17
90FTC1
TCHL2T
TCHL2T
TCHIOT
TCHIAT
TCH13T

MAX.
STRESS
MPa

13
13
13
12
12
12
12

12
n
n
14
n

12
12
10
13
13
12
12
19
21
24
24
20
19
23
21
21

23
15
15
15

14
14
14
10
10
n
18

R
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Hz

40
60
60
80
80
80
100
80
100

30
40
40
80
100
70
40
70
60
40
40
80
80

20
20
20
60
60
60
80
80
80
80
80
80
20
20
20

20
30
30
60
60

GPa

8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.7
8.7
8.7
8.7
8.7
8.7
8.7
8.7
8.7
8.7
8.7
8.7
8.8
8.8
8.8
8.8
8.8
9.27
8.8
8.8
8.8
8.8
8.8

0.14
0.15
0.15
0.14
0.14
0.14
0.14
0.14
0.13
0.12
0.16
0.12
0.14
0.14
0.11
0.15
0.15
0.14
0.14
0.21
0.23
0.27
0.27
0.22
0.21
0.26
0.24
0.25
0.27
0.18
0.18
0.18
0.16
0.16
0.16
0.15
0.15
0.15
0.21
0.19
0.19
0.24
0.22
0.25
0.09
0.09
0.09
0.08
0.08

CYCLES
TO FAIL

2,720,600
34,592
31,952
3,895,837
2,372,150
13,531,172
2,987,855
3,810,385
21,111,725
102,350,298
9,383
1,813,684
2,372,150
987,855
208,516
2,759
385
1471
647
1,707,026
49,498
112,928
46,842
|

|

53,275
114,090
523,634
1,308,671
1,665,220
9,806,694
31,443,023
34,693,646
50,666,199
|

|

45,172
151,465
794,513
47,385
1,043,369

WIDTH
(mm)

and Notes
13 R tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 R tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab
13 tab



TEST &
SAMPLE
ID #

5142
5143
5144
5145

TCHI16T
TCH7T

TCHI5T
TCHIOT

MAX.
STRESS
MPa

7

7
6
6

R

409

E
Hz GPa
60 8.8
60 8.8
80 8.8
100 8.8

0.08
0.08
0.07
0.07

CYCLES
TO FAIL

3,009,395
3,973,407
11,733,016
100,151,319

WIDTH
(mm)

and Notes
13 tab
13 tab
13 tab
13 R tab
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FIBERGLASS PREPREG (3M - 250E) MATERIALS

MATERIAL PP
Lay-up = [0],5 V£=0.56, Ave. thickness = 1.65 mm, S.D. = 0.03 mm, 3M-SP250E prepreg, Epoxy
TEST & MAX. R Q E e CYCLES  WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
3480 PPI 12 1,251 * 13 44.0 2.60 I 25
3481 PPI 14 1,279 * 13 49.0 2.70 I 25
3482 PPI 15 1,332 * 13 51.6 2.70 I 25
3483 PPI 16 758 01 4 52.0 152 4,545 25
3484 PPIOI 758 0.1 2 46.5 1.68 7,252 25
3485 PPI 17 758 0.1 2 46.0 1.65 4,825 25
3486 PPICW 414 0.1 12 47.4 0.84 839,263 25
3487 PPI118 414 01 12 48.7 0.83 491,518 25
3488 PP105 414 01 12 42.5 0.92 631,118 25
3489 PPIII 620 0.1 4 43.0 1.40 11,696 25
3490 PPI 13 621 0.1 4 50.5 127 13,690 25
3491 PPIIO 620 0.1 4 44.3 1.36 26,209 25
3492 PP107 517 0.1 8 45.6 1.09 88,979 25
3493 PPICW 517 0.1 8 - - 125,521 25
3494 PP103 517 0.1 8 - - 56,119 25
3495 PP102 517 0.1 10 45.9 114 124,781 25 tab
3496 PP106 621 0.1 4 47.6 - 17,314 25
3497 PP108 414 0.1 12 - - 269,211 25
3844 PP131 -829 > 13 - e | 52z
3845 PP126 -842 > 13 — — | 2527
3846 PPI136 -694 * 13 - - | 2527

MATERIAL PP45

Lay-up = t(+45)2]s, V£=0.54, Ave. thickness = 1.65 mm, S.D. = 0.04 mm, 3M-SP250E prepreg, Epoxy

*

3503 PP45201 153 13 16.0 | 25
3504 PP45210 153 * 13 18.0 1.55 I 25
3505 PP45209 158 > 13 17.7 - I 25
3506 PP45208 83 0.1 10 18.6 0.55 27,509 25
3507 PP45207 83 0.1 10 20.0 0.52 45,091 25
3508 PP45203 83 0.1 10 18.2 0.56 19,125 25
3509 PP45206 69 0.1 15 18.9 0.40 473,337 25
3510 PP45205 69 0.1 20 15.7 0.51 209,295 25
3511 PP45204 69 0.1 20 18.6 0.43 402,619 25
3512 PP45202 103 0.1 2 174 0.86 737 25
3847 PP45212 -160 * 13 - - | 25

MATERIAL PPDD5

Lay-up = [(0)3/+45/(0)3s,VF=0.56, Ave. thickness = 3.31 mm, S.D. = 0.09 mm, 3M-SP250E prepreg, Epoxy

3658
3659

PPDD5118
PPDD5119

634 13
839 * 13

39.2
41.6
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
3660 PPDD5120 616 * 13 38.0 e I 15
Problems with the previous static tests caused the foIIowmg gage Iengths widths to be heavily reduced.
3662 PPDD5104 1115  * 13 | 6
3663 PPDD5106 1070  * 13 — | 6
3664 PPDD5110 1,080 * 13 - - I 6
3665 PPDD5112 483 0.1 12 - - 33,888 6
3666 PPDD5109 345 0.1 12 633,893 6
3667 PPDD5114 345 0.1 12 - -— 408,106 6

3668 PPDD5111 345 0.1 12 - —- 320,402 6
3669 PPDD5117 414 0.1 10 - - 66,207 6
3670 PPDD5116 621 0.1 2 — e 3,119 6
3671 PPDD5115 621 0.1 2 — - 4,786 6
3672 PPDD5101 621 0.1 2 - - 2,517 6
3708 PPDD5108 483 0.1 10 - -— 62,141 6
3709 PPDD5105 483 0.1 5 - - — 32,975 6
3969 PPDD5200  -716 * i J— - | 25
3970 PPDD5202 -893 * 13 - -— | 25
3971 PPDD5201 =779 * 13 e e | 25

GLASS CARBON HYBRIDS

MATERIAL DD23

Lay-up = [02/£45/0/0*]s, 0* - AS4-6K Carbon (TPI STYLE 4416), 220 g/m2, V¥ = 0.45, Ave. thickness = 3.65
mm, S.D. = 0.11mm, CoRezyn 63-AX-051 Polyester.

4077 DD23105 649 13 27.8 - | 25 tab
4078 DD23106 276 01 10 28.9 0.96 1,681,606 25 tab
4079 DD23111 622 * 13 281 - — | 25 tab
4080 DD23107 685 13 211 — — | 25 tab
4081 DD23104 414 01 2 26.3 1.65 2,803 25 tab
4082 DD23110 634 13 27.9 — | 25 tab
4083 DD23102 414 0.1 2 251 1.68 451 25 tab
4084 DD23103 345 0.1 4 28.6 117 295,281 25 tab
4085 DD23109 345 01 5 25.8 114 197,270 25 tab
4086 DD23108 647 0.1 26.1 — I 25 tab
4087 DD23112 310 0.1 5 28.1 112 526,418 25 tab
4088 DD23101 310 0.1 10 26.6 1.08 493,197 25 tab
4101 DD23122 379 0.1 4 27.1 147 14,350 25 tab
4102 DD23121 379 0.1 4 28.0 137 22,335 25 tab
4103 DD23120 345 0.1 4 28.9 117 119,009 25 tab
4104 DD23119 379 9(.1 2 27.6 1.42 4,324 25 tab
4214 DD23143 -467 * 13 - - | 25

4215 DD23142 -498 - 13 - - | 25

4216 DD23141 -505 « 13 - - | 25

4217 DD23140 -504 13 — | 25



TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes

MATERIAL CG

Lay-up = [CZac A0 Glass = D155, C = AS4-6K Carbon (TPl STYLE 4416), 220gZm2, V/f= 0.56, Ave.
thickness = 2.66 mm, S.D. = 0.06 mm, CoRezyn 63-AX-051 Polyester

*

4089 CGIIOo 934 13 72.5 I 25 tab
4090 CG106 861 * 13 65.5 — I 25 tab
40901 CG104 414 0.1 12 65.8 0.59 1,368,362 25 tab
4092 CG109 552 0.1 8 63.7 0.79 141,368 25 tab
4093 CGlol 552 01 9 68.3 0.89 55,233 25 tab
4094 CGl 12 483 01 10 61.4 0.73 253,069 25 tab
4095 CG108 552 01 5 64.4 0.81 109,701 25 tab
4096 CG105 414 01 12 71.4 0.56 1,900,285 25 tab
4097 CG107 690 0.1 2 62.4 1.02 1,969 25 tab
4098 CGlll 690 0.1 2 64.8 0.94 13,577 25 tab
4099 CGI 13 690 0.1 2 62.0 1.04 10,770 25 tab
4100 CG103 965 * 13 63.5 63.5 I 25 tab

MATERIAL CA

Lay-up = (O)12 AS4-6K Carbon (TPl STYLE 4416), 220g/m2 V¥=0.48, Ave. thickness = 2.82 mm,
S.D. = 0.24 mm, CoRezyn 63-AX-051 Polyester

*

4105 CAI 13 1504 13 112 134 I 18 tab
4106 CA109 1666 > 13 112 1.49 | 18 tab
4107 CAlll 1364 * 13 118 115 | 18 tab
4108 CAIIO 1207 01 | 154 0.90 9 18 tab
4109 CAl 12 1034 01 5 112 0.82 28,497 18 tab
4110 CA108 862 0.1 12 112 0.70 1,030,350 18 tab
4111 CA 106 862 0.1 12 118 0.68 77,101 ISRtab

4112 CA107 862 01 10 113 0.70 2,364,140 18 tab



413
GLASS ROVING TESTS

D 155 STRAND TESTS

Owens Coming Fabrics roving number E-450-PVE, Catalog Number OC107B-AC-450,
OCI 11A-AB-450,2000 fibers (average fiber diameter = 15.98 pm, standard deviation = 1.53
pm, maximum = 19.4 pm, minimum = 12.5 pm, sample size = 14,000) The following six
D 155 fabric rolls were obtained over the time period of 1993 to 1999.

TEST & MAX. R 0 E e CYCLES WIDTH
SAMPLE Load Hz GPa % TO FAIL (mm)
ID # N and Notes
D155 Roll I

3739 D155TA1 1054 * 13 I tow
3740 D155TA2 1061 * 13 - — I tow
3741 D155TA3 993 * 13 - — I tow
3742 D155TA4 940 > 13 - — I tow
3743 D155TA5 1015 * 13 - - I tow
3744 D155TA6 967 * 13 - — I tow
3745 D155TA7 973 * 13 - — I tow
3746 D155TA8 1014 * 13 — - I tow
3747 D155TA9 987 * 13 - — I tow
3748 D155TA10 1054 * 13 — — I tow
3749 D155TA11 1019 * 13 — - I tow
3750 D155TA12 1084 * 13 - - I tow
3751 D155TA13 970 * 13 - — I tow
3752 D155TA14 1084 * 13 — I tow
3753 D155TA15 975 * 13 - — I tow
3754 D155TA16 1064 * 13 - — I tow
3755 D155TA17 982 * 13 - — I tow
3756 D155TA18 999 * 13 - - I tow
3757 D155TA19 1015 * 13 - — I tow
3758 D155TA20 981 * 13 - — I tow
3759 D155TA21 1012 * 13 — I tow
3760 D155TA22 1040 * 13 - - I tow
3761 D155TA23 1081 * 13 - — I tow
3762 D155TA24 1036 * 13 - - I tow
3763 D155TA25 1010 * 13 - - I tow
3764 D155TA26 912 * 13 - — I tow
3765 D155TA27 922 * 13 - I tow
3766 D155TA28 1051 * 13 - - I tow
3767 D155TA29 991 * 13 - - I tow
3768 D155TA30 995 * 13 - - I tow
D 155 Roll 2

3769 D155TB1 1401 * 13 I tow

3770 D155TB2 1310 13 — — | tow



TEST &

SAMPLE

ID #

3771 D155TB3
3772 D155TB4
3773 D155TB5
3774 D155TB6
3775 D155TB7
3776 D155TB8
3777 D155TB9
3778 D155TB10
3779 D155TB11
3780 D155TB12
3781 D155TB13
3782 D155TB14
3783 D155TB15
3784 D155TB16
3785 D155TB17
3786 D155TB18
3787 D155TB19
3788 D 155TB20
3789 D155TB21
3790 D 155TB 22
3791 D155TB23
3792 D 155TB24
3793 D155TB25
3794 D155TB26
3795 D155TB27
3796 D155TB28
3797 D155TB29
3798 D155TB30

D 155 Roll 3

3799 D155TC1
3800 D155TC2
3801 D155TC3
3802 D155TC4
3803 D155TC5
3804 D155TC6
3805 D155TC7
3806 D155TC8
3807 D155TC9
3808 D155TC10
3809 D155TC1lI
3810 D155TC12
3811 D155TC13
3812 D155TC14
3813 D155TC15
3814 D155TC16

3815 D155TC17

MAX.
Load

1431
1403
1380
1347
1398
1361
1386
1362
1339
1413
1352
1366
1459
1412
1279
1381
1416
1420
1322
1263
1353
1446
1411
1310
1378
1372
1349
1319

1419
1256
1356
1375
1322
1410
1407
1392
1467
1456
1444
1367
1399
1336
1429
1326
1404

13
13
13
13
13
13
13

ERE®

13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

13
13
13
13
13
13
13

13
13
13
13
13
13
13
13
13

GPa

%

CYCLES
TO FAIL

WIDTH
(mm)
and Notes

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow



TEST &

SAMPLE

ID #

3816 D155TC18
3817 D155TC19
3818 D155TC20
3819 D155TC21
3820 D155TC22
3821 D155TC23
3822 D155TC24
3823 D155TC25
3824 D155TC26
3825 D155TC27
3826 D155TC28
3827 D155TC29
3828 D155TC30
D155 Roll 4
4474 D155TD1
4475 D155TD2
4476 D155TD3
4477 D155TD4
4478 D155TD5
4479 D155TD6
4480 D155TD7
4481 D155TD8
4482 D155TD9
4483 D155TD10
4484 D155TD11
4485 D155TD12
4486 D155TD13
4487 D155TD14
4488 D155TD15
4489 D155TD16
4490 D155TD17
4491 D155TD18
4492 D155TD19
4493 D155TD20
4494 D155TD21
4495 D155TD22
4496 D155TD23
4497 D155TD24
4498 D155TD25
4499 D155TD26
4500 D155TD27
4501 D155TD28
4502 D155TD29
4503 D155TD30
4504 D155TD31
4505 D155TD32

MAX.
Load

1353
1456
1336
1366
1379
1325
1250
1358
1401
1345
1387
1428
1350

1117
1096
1123
1089
1078
1077
1075
1119
1108
1170
534
534
534
534
534
667
667
667
667
667
667
445
445
445
445
445
356
356
356
356
356
311

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

13
13
13
13
13
13
13
13
13
13
13
13
13

E e CYCLES
GPa % TO FAIL

|

603,854
900,234
470,103
1,503,261
852,853
101,867
15,456
10,218
10,426
20,883
59,688
4,002,694
6,168,942
2,727,395
5,748,860
3,634,752
41,981,341
23,548,030
67,748,394
71,247,839
12,245,917
169,484,151

WIDTH
(mm)
and Notes

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow



TEST & MAX.
SAMPLE Load
ID # N

4506 D155TD33 311
4507 D155TD34 311
4508 D155TD35 311
4509 D155TD36 311
4563 D155TD37 778
4564 D155TD38 778
4565 D155TD39 778
4567 D155TD40 778
4568 D155TD41 778

D 155 Roll 4B

4640 D155TD42 1212
4641 D155TD43 1287
4642 D155TD44 1278
4643 D155TD45 1187
4644 D155TD46 1187
4645 D155TD47 1195
4646 D155TD48 1212
4647 D155TD49 1212
4648 D155TD50 1187
4649 D155TD51 1295
4650 D155TD52 1183
4651 D155TD53 1195
4652 D155TD54 1241
4653 D155TD55 1095
4654 D155TD56 1183
4655 D155TD57 1145
4656 D155TD58 1187
4657 D155TD59 1053
4658 D155TD60 1087
4659 D155TD61 1303
4660 D155TD62 1204
4661 D155TD63 1212
4662 D155TD64 1145
4663 D155TD65 1062
4664 D155TD66 1157
4665 D155TD67 1287
4666 D155TD68 1250
4667 D155TD69 1129
4668 D155TD70 1274
4669 D155TD71 1254

D155 Roll 5

4510 D155TES51 1220
4511 D155TES546 1208
4512 D155TE515 1205

01
0.1
01
01
01
01
01
01
01

RERERARRRE P FRRRRRRRERRRRRR®

% R R

80
80
80
80

NN PNDNDN

13

EEBEB

13
13
13
13
13
13
13
13
13
13
13

13
13
13
13
13
13
13
13
13
13
13
13

ZRTR

CYCLES
TO FAIL

254,226,085
382,095,430
180,760,560
671,734,540
526
375
160
433
544

WIDTH
(mm)
and Notes

tow
tow
tow
tow
tow
tow
tow
tow
tow

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow

tow
tow
tow



417

4533 D155TES67 1128 13 - —

TEST & MAX. R Q E e CYCLES
SAMPLE Load Hz GPa % TO FAIL
ID # N
4513 D155TE5S27 1182 * 13 I
4514 D155TE5S47 1193 * 13 - — |
4515 D155TE516 1161 > 13 - — I
4516 D155TE564 1181 * 13 - — I
4517 D155TE555 1143 > 13 — — I
4518 D155TE572 1157 * 13 - — I
4519 D155TE548 1122 * 13 - - I
4520 D155TE549 1246 * 13 - — I
4521 D155TE566 1203 * 13 - — I
4522 D155TE556 1276 * 13 - — I
4523 D155TE559 1205 * 13 - |
4524 D155TE517 1164 * 13 - - |
4525 D155TE534 1233 * 13 - — |
4526 D155TE538 1124 > 13 - — |
4527 D155TE532 1162 * 13 - — |
4528 D155TE520 1142 * 13 - — |
4529 D155TE550 1171 * 13 - — 1
4530 D155TE5S57 1193 * 13 - — |
4531 D155TE563 1264 * 13 - — I
4532 D155TE539 1090 : 13 - — I
|
4534 D155TE554 1139 * 13 - — |
4535 D155TE569 1146 * 13 - — |
4536 D155TE558 1195 * 13 - - |
4537 D155TE5S76 1249 * 13 - — |
4538 D155TE570 1151 * 13 - - I
4539 D155TE571 1201 * 13 - — I
4540 D155TE553 778 0.1 5 - — 11,640
4541 D155TEb52 778 0.1 5 - — 2,983
4542 D155TE518 778 0.1 5 - 4,596
4543 D155TE561 778 0.1 5 - - 3,678
4544 D155TE562 778 0.1 5 - 4,817
4546 D155TE509 667 0.1 5 - - 30,953
4547 D155TE505 667 0.1 5 - - 10,943
4548 D155TE512 667 0.1 5 - - 19,520
4549 D155TE511 667 0.1 5 - 10,173
4550 D155TE510 667 0.1 5 - 14,350
4551 D155TE531 534 0.1 10 - - 858,810
4552 D155TE542 534 01 10 - - 159,944
4553 D155TE541 534 0.1 10 - 254,240
4554 D155TE525 534 0.1 10 - 386,380
4555 D155TE533 534 0.1 10 - 235,364
4556 D155TE5L14 534 0.1 10 - - 525,623
4557 D155TEB91 445 0.1 20 - - 3,218,504
4558 D155TEL92 445 0.1 20 - - 3,924,363
4559 D155TE596 445 0.1 20 - 2,319,792
4560 D155TE593 445 0.1 20 - 6,759,244
4561 D155TES97 445 0.1 20 - 2,535,198
4562 D155TE598 445 0.1 20 - 4,468,170

WIDTH
(mm)
and Notes

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE Load Hz GPa % TO FAIL (mm)
ID # N and Notes

D 155 Roll 5B

4670 D155TE99 1412 13 I tow
4671 D155TE100 1408 * 13 - - I tow
4672 D155TE101 1462 * 13 - - I tow
4673 D155TE102 1362 * 13 - - I tow
4674 D155TE103 1391 * 13 - — I tow
4675 D155TE104 1454 * 13 - - I tow
4676 D155TE105 1462 * 13 - — I tow
4677 D155TE106 1420 * 13 - — I tow
4678 D155TE107 1437 * 13 - - I tow
4679 D155TE108 1375 * 13 - - I tow
4680 D155TE109 1475 * 13 - - I tow
4681 D155TE110 1350 * 13 - - I tow
4682 D155TE111 1337 * 13 - — I tow
4683 D155TE112 1370 * 13 - - I tow
4684 D155TE113 1375 * 13 - — I tow
4685 D155TE114 1445 * 13 - - | tow
4686 D155TE115 1342 * 13 - - I tow
4687 D155TE116 1356 * 13 - - | tow
4688 D155TE117 1387 * 13 - — | tow
4689 D155TE118 1475 * 13 - - I tow
4690 D155TE119 1429 * 13 - - I tow
4691 D155TE120 1417 * 13 _— — I tow
4692 D155TE121 1387 * 13 - — I tow
4693 D155TE122 1371 * 13 - — I tow
4694 D155TE123 1446 * 13 _— — I tow
4695 D155TE124 1404 * 13 - — I tow
4696 D155TE125 1362 * 13 - - I tow
4697 D155TE126 1342 * 13 - - I tow
4698 D155TE127 1471 * 13 — - I tow
4699 D155TE128 1396 * 13 - - I tow
D 155 Roll 6

4700 D155TF1 1195 * 13 I tow
4701 D155TF2 1262 * 13 - — I tow
4702 D155TF3 1171 * 13 - - I tow
4702 D155TF4 1171 * 13 - - I tow
4703 D155TF5 1321 * 13 - — I tow
4704 D155TF6 1237 * 13 - - I tow
4705 D155TF7 1171 * 13 - - I tow
4706 D155TF8 1204 * 13 — I tow
4707 D155TF9 1208 * 13 - I tow
4708 D155TF10 1154 * 13 - - I tow
4709 D155TF1l 1287 * 13 - - I tow
4710 D155TF12 1188 * 13 —— - I tow

4711 D155TF13 1197 13 — — 1 tow



TEST &
SAMPLE

ID #

4712 D155TF14
4713 D155TF15
4714 D155TF16
4715 D155TF17
4716 D155TF18
4717 D155TF19
4718 D155TF20
4719 D155TF21
4720 D155TF22
4721 D155TF23
4722 D155TF24
4723 D155TF25
4724 D155TF26
4725 D155TF27
4726 D155TF28
4727 D155TF29
4728 D155TF30
D 155 Roll 6B
4729 D155TF31
4730 D155TF32
4731 D155TF33
4732 D155TF34
4733 D155TF35
4734 D155TF36
4735 D155TF37
4736 D155TF38
4737 D155TF39
4738 D155TF40
4739 D155TF41
4740 D155TF42
4741 D155TF43
4742 D155TF44
4743 D155TF45
4744 D155TF46
4745 D155TF47
4746 D155TF48
4747 D155TF49
4748 D155TF50
4749 D155TF51
4750 D155TF52
4751 D155TF53
4752 D155TF54
4753 D155TF55
4754 D155TF56
4755 D155TF57
4756 D155TF58

MAX.
Load

1171
1229
1208
1213
1229
1146
1204
1262
1183
1487
1296
1137
1204
1271
1314
1246
1246

1404
1262
1221
1350
1179
1146
1338
1221
1262
1362
1254
1396
1313
1346
1387
1279
1287
1362
1096
1296
1246
1304
1287
1304
1237
1267
1304
1338

L B I R S TS T R R T JHE TN R N R R N SRR T T T S N R I

13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

GPa

%

CYCLES
TO FAIL

WIDTH
(mm)
and Notes

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow



TEST & MAX. R Q
SAMPLE Load Hz
ID # N

4757 D155TF59 1304 > 13
4758 D155TF60 1262 > 13

p 155 Roll sc

4800 D155TF61 1393 * 13
4801 D155TF62 1260 * 13
4802 D155TF63 1268 * 13
4803 D155TF64 1410 * 13
4804 D155TF65 1385 * 13
4805 D155TF66 1443 * 13
4806 D155TF67 1402 * 13
4807 D155TF68 1260 * 13
4808 D155TF69 1318 * 13
4809 D155TF70 1310 * 13
4810 D155TF71 1314 * 13
4811 D155TF72 1331 * 13
4812 D155TF73 1277 * 13
4813 D155TF74 1302 * 13
4814 D155TF75 1393 * 13
4815 D155TF76 1064 * 13
4816 D155TF77 1210 * 13
4817 D155TF78 1293 * 13
4818 D155TF79 1314 * 13
4819 D155TF80 1310 * 13
4820 D155TF81 1427 * 13
4821 D155TF82 1306 * 13
4822 D155TF83 1277 * 13
4823 D155TF84 1343 * 13
4824 D155TF85 1368 * 13
4825 D155TF86 1268 * 13
4826 D155TF87 1335 * 13
4827 D155TF88 1331 * 13
4828 D155TF89 1352 * 13
4829 D155TF90 1310 * 13

D 155 Roll 6D

4830 D155TF91 1168 * 13
4831 D155TF92 1368 * 13
4832 D155TF93 1389 * 13
4833 D155TF94 1298 * 13
4834 D155TF95 1285 * 13
4835 D155TF96 1364 * 13
4836 D155TF97 1318 > 13
4837 D155TF98 1310 * 13
4838 D155TF99 1326 * 13
4839 D155TF100 1343 > 13

420
E
GPa

e
%

CYCLES
TO FAIL

WIDTH
(mm)
and Notes

tow
tow

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
towl

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow



TEST &
SAMPLE
ID #

4840
4841
4842
4842
4843
4844
4845
4846
4847
4848
4849
4850
4851
4852
4853
4854
4855
4856
4857
4858

DB 120

D155TF101
D155TF102
D155TF103
D155TF104
D155TF105
D155TF106
D155TF107
D155TF108
D155TF109
D155TF110
D155TF111
D155TF112
D155TF113
D155TF114
D155TF115
D155TF116
D155TF117
D155TF118
D155TF119
D155TF120

MAX.
Load

1310
1410
1343
1335
1210
1160
1385
1110
1352
1298
1343
1352
1318
1352
1335
1356
1285
1293
1243
1335

13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

421
E e CYCLES
GPa % TO FAIL

I
|

WIDTH
(mm)
and Notes

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow

Owens Coming Fabrics Roving number E-1200-PVE, catalog number

OC-380-JC-451 (1200). (750 fibers)

DB 120 Roll 5

4569
4570
4571
4572
4573
4574
4575
4576
4577
4578
4579
4580
4581
4582
4583
4584
4585
4586
4587
4588

DB120TA1l
DB120TA2
DB120TA3
DB120TA4
DB120TAS
DB120TAG
DB120TA7
DB120TAS8
DB120TA9
DB120TA10
DB120TA1l1l
DB120TA12
DB120TA13
DB120TA14
DB120TA15
DB120TA16
DB120TA17
DB120TA18
DB120TA19
DB120TA20

370
317
374
389
396
377
284
329
310
370
378
314
304
373
348
375
344

13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow



TEST & MAX.
SAMPLE Load
ID # N

4589 DB120TA21 351
4590 DB120TA22 350
4591 DB120TA23 332
4592 DB120TA24 293
4593 DB120TA25 387
4594 DB120TA26 347
4595 DB120TA27 358
4596 DB120TA28 364
4597 DB120TA29 307
4598 DB120TA30 320
4599 DB120TA31 403
4600 DB 120TA32 377
4601 DB120TA33 346
4602 DB120TA34 352
4603 DB120TA35 377
4604 DB120TA36 317
4605 DB120TA37 376
4606 DB120TA38 366
4607 DB120TA39 319
4608 DB120TA40 330
4609 DB120TA41 351
4610 DB120TA42 358
4611 DB120TA43 376
4612 DB120TA44 339

13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

422
E e CYCLES

GPa % TO FAIL

WIDTH
(mm)
and Notes

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
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Owens Coming 990-BC-2385-4093, 208 fiber strand

(Average fiber diameter = 10.71 jam, standard deviation = 0.94 pm, maximum = 13.96 pm, minimum = 8.33
pm, sample size = 1,820). The average area used for stress calculations was 0.004054 mm2. A 45 fiber strand,
impregnated with CoRezyn 63-AX-051, was manufactured from this strand. The gage length of these coupons
were 25 +5 mm. A special speaker cone based testing apparatus was used for these tests, see Reference 10.

TEST & MAX. R o) E e CYCLES WIDTH
SAMPLE Load Hz GPa % TO FAIL (mm)
ID # grams and Notes
4900 STR63 1266 * 120 | tow
4901 STR60 1506 * 120 e — | tow
4902 STR54 1383 * 120 — — | tow
4903 STR52 1181 * 120 - —- | tow
4904 STR40 1376 * 120 — — I tow
4905 STR44 1687 * 120 — e I tow
4906 STR33 1281 * 120 e — | tow
4907 STR17 1367 * 120 — — | tow
4908 STR14 1189 * 120 — — I tow
4909 STR12 1126 * 120 -— —- | tow
4910 STRIO 1214 > 120 — — | tow
4911 STR152 1349 * 120 — —- | tow
4912 STR141 1344 * 120 e — | tow
4913 STR133 1300 * 120 — —- | tow
4914 STR122 1285 * 120 — — | tow
4915 STR71 1192 * 120 e - - | tow
4916 STR102 1261 * 120 — - I tow
4917 STRII 300 0.1 200 - — 1,100,000,000 tow R
4918 STR16 500 0.1 80 - - 3,151,637 tow
4919 STR13 500 0.1 80 - - 521,416 tow
4920 STR19 500 0.1 80 - - 1,887,512 tow
4921 STR61 500 0.1 80 - - 10,590,546 tow
4922 STR34 500 0.1 80 - - 660,762 tow
4923 STR43 500 0.1 80 . - 2,970,613 tow
4924 STR51 500 0.1 80 - - 6,271,853 tow
4925 STR32 500 0.1 80 - - 1,163,044 tow
4926 STR64 500 0.1 80 - 2,371,532 tow
4927 STR42 500 0.1 80 - - 23,198,205 tow
4928 STR50 500 0.1 80 - - 877,701 tow
4929 STR31 500 0.1 80 - - 1,867,185 tow
4930 STR53 400 0.1 100 - - 21,256,335 tow
4931 STR41 400 0.1 100 - - 541,168,069 tow
4932 STR154 700 0.1 50 - - 28,026 tow
4933 STR150 700 0.1 50 - -— 117,135 tow
4934 STR153 700 0.1 50 - -— 87,956 tow
4935 STR143 700 0.1 50 - -— 820,108 tow
4936 STR121 700 0.1 50 - -— 37,208 tow
4937 STR130 700 0.1 50 - 119,137 tow
4938 STR151 700 0.1 50 - - 834,738 tow
4939 STR72 700 0.1 50 - - 446,679 tow

4940 STR120 700 0.1 50 - - 174,072 tow



4941
4942
4943
4944
4945
4946
4947
4948
4949
4950
4951
4952
4953

STR132
STR144
STR123
STR140
STR84
STR83
STR131
STR9%
STR30
STR134
STR142
STR90
STR70

700
700
700
600
600
600
600
600
400
450
1396
1284
1335

01
01
01
0.1
0.1
0.1
0.1
0.1
0.1
0.1

*

424

50

50

50

100
100
100
100
100
120
150
120
120
120

204,871
154,706
14,218
2,313,678
4,138,791
3,185,311
2,564,971
19,248,908
1,000,000,000
1,000,000,000
|

|

|

tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
tow
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RESIDUAL STRENGTH

(Covering Tests 5150 - 5234)

MATERIAL DD16A

Lay-up = [90/0/+45/0]s, Vf=0.42, Ave. thickness = 3.95 mm, S.D. = 0.08 mm, CoRezyn 63-AX-051 Polyester

TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes

Tests 5150-5188 were baseline static strength and fatigue tests

5150 R59 661 13 — - I 8
5151 R27 658 * 13 — — I 8
5152 R26 657 * 13 — — I 8
5153 R16 701 * 13 - — I 8
5154 R102 685 * 13 — I 8
5155 R61 686 * 13 — — I 8
5156 R120 658 * 13 — — I 8
5157 R121 678 * 13 — — [ 8
5158 R122 683 * 13 — — I 8
5159 R123 691 * 13 — —- I 8
5160 R124 625 * 13 — - I 8
5161 R125 675 * 13 — — I 8
5162 R42 684 * 13 — — I 8
5163 R74 673 * 13 — — I 8
5164 R56 705 * 13 — — I 8
5165 R71 674 * 13 _— — I 8
5166 RIIO 664 * 13 — — I 8
5167 R I 665 * 13 — — I 8
5168 R21 665 * 13 - - I 8
5169 RH 680 * 13 - — I 8
5170 R35 207 0.1 10 - - 192,780 8
5171 R58 207 0.1 10 - - 636,742 SR
5172 R22 207 0.1 10 - - 1,694,879 8
5173 R57 207 0.1 10 — — 961,214 8
5174 R44 276 0.1 6 — - 38,152 8
5175 R23 241 0.1 8 - - 104,645 8
5176 R13 241 0.1 8 - - 256,923 8
5177 R46 241 0.1 8 - - 169,108 8
5178 R7 241 0.1 8 - - 236,617 8
5179 R48 241 0.1 8 - - 176,479 8
5180 R50 241 0.1 8 - - 149,778 8
5181 R43 241 0.1 8 - - 325,439 8
5182 R41 241 0.1 8 - - 78,445 8
5183 R64 241 0.1 8 - — 52,320 8
5184 R68 241 0.1 X — - 67857 8
5185 R77 241 0.1 8 - - 116,518 8
5186 R52 241 0.1 8 - 157,118 8
5187 R78 241 0.1 8 - - 382,653 8
5188 R62 241 0.1 8 - - 105,738 8
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes

Test coupons were selected for three testing sequences: 50,000, 100,000 and 200,000 cycles ata maximum
stress of 241 MPa (R = 0.1), after which the test coupon was statically tested for residual strength. Test
coupons which failed prior to the completion of the designated number of cycles are listed, but should not be
used in the baseline fatigue behavior due to sample biasing.

Tests 5189 - 5205, 100,000 cycles
Tests 5189-5193 failed prior to completion of the 100,000 cycle sequence

5189 R3 241 0.1 8 - - 94,718 8 X
5190 R65 241 0.1 8 - - 88,082 8 X
5191 R60 241 0.1 8 - —- 83,962 8 X
5192 RS 241 0.1 8 - - 82,768 8 X
5193 R38 241 0.1 8 - - 66,757 8 X
Tests 5194 - 5205 were cycled for 100,000 cycles at 241/24 MPa and then tested for residual strength
5194 R5 241 0.1 8 - - 100,000 8
R5 602 * 13 - - I 8 RS
5195 R34 241 0.1 8 — — 100,000 8
R34 543 : 13 — — I 8 RS
5196 RIOI 241 0.1 8 - - 100,000 8
RIOI 583 : 13 - - I 8 RS
5197 R63 241 0.1 8 —- — 100,000 8
R63 423 * 13 - I 8 RS
5198 R29 241 0.1 8 — 100,000 8
R29 482 * 13 - _— I 8 RS
5199 R19 241 0.1 8 - - 100,000 8
R19 623 * 13 - — I 8 RS
5200 R6 241 0.1 8 - — 100,000 8
R6 563 * 13 —- — I 8 RS
5201 R24 241 0.1 8 - - 100,000 8
R24 314 > 13 - - I 8 RS
5202 R39 241 0.1 8 - - 100,000 8
R39 571 * 13 - — I 8 RS
5203 R72 241 0.1 g - - 100,000 8
R72 454 * 13 — - I 8 RS
5204 R45 241 0.1 8 — — 100,000 8
R45 480 * 13 — - I 8 RS
5205 R54 241 0.1 8 — - 100,000 8
R54 270 * 13 - - I 8 RS
Tests 5206 - 5217, 50,000 cycles
5206 R12 241 0.1 8 — — 50,000 8
R12 485 * 13 - I 8 RS
5207 RIO 241 0.1 8 — - 50,000 8
RIO 554 * 13 — - I 8 RS
5208 R20 241 0.1 8 — — 50,000 8
R20 628 * 13 — - I 8 RS
5209 R31 241 0.1 8 — — 50,000 8
R31 583 * 13 - — I 8 RS
5210 R67 241 0.1 8 - - 50,000 8
R67 427 * 13 — - I 8 RS
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GPa %

TEST & MAX. R 0
SAMPLE STRESS Hz
ID # MPa
5211 R53 241 0.1 8
R53 540 * 13
5212 R28 241 0.1 8
R28 568 * 13
5213 R32 241 0.1 8
R32 583 * 13
5214 R37 241 0.1 8
R37 582 * 13
5215 R66 241 0.1 8
R66 566 * 13
5216 R117 241 0.1 8
R117 529 * 13
5217 R79 241 0.1 8
R79 568 * 13
Tests 5218 - 5234, 200,000 cycles
Tests 5218 - 5228 failed prior to completion of the 200,000 cycle sequence
5218 R17 241 0.1 8
5219 R47 241 0.1 8
5220 R25 241 0.1 8
5221 R55 241 0.1 8
5222 R9 241 0.1 8
5223 R36 241 0.1 8
5224 R15 241 0.1 8
5225 R75 241 0.1 8
5226 R40 241 0.1 8
5227 R70 241 0.1 8
5228 R18 241 0.1 8
Tests 5229 - 5234 were cycled for 200,000 cycles at 241/24 MPa
5229 R51 241 0.1 8
R51 249 * 13
5230 R4 241 0.1 8
R4 464 * 13
5231 R73 241 0.1 8
R73 269 * 13
5232 R14 241 0.1 8
R14 541 * 13
5233 R33 241 0.1 8
R33 298 * 13
5234 R69 241 0.1 8
R69 337 * 13

CYCLES WIDTH
TO FAIL (mm)
and Notes
50,000 8
1 8 RS
50,000 8
1 8 RS
50,000 8
1 8 RS
50,000 8
1 8 RS
50,000 8
1 8 RS
50,000 8
1 8 RS
50,000 8
1 8 RS
162,465 8 X
47,182 8 X
177,640 8 X
93,300 8 X
84,703 8 X
168,069 8 X
93,877 8 X
113,114 8 X
60,592 8 X
103,240 8 X
133,677 8 X
and then tested for residual strength
200,000 8
| 8 RS
200,000 8
1 8 RS
200,000 8
1 8 RS
200,000 8
1 8 RS
200,000 8
1 8 RS
200,000 8
1 8 RS



428

Static Strength, Residual Strength after 50,000, 100,000 and 200,000 Cycles
at 241 MPa, and Fatigue Failure at a Maximum Stress of 241 MPa, R = 0.1
(Tension Fatigue), [90/0/£45/0)s Laminate

800 r i i
#  v5-N Fatigue

700 0 istatic Strength
CcL | m  /Vfter 50,000 cycles
5} 600 ) I c] a /vifter 100,000 cycles
vf 11 Z2 1! v “Vfter 200,000 cycles

r X Failed Priorto 100,000 cycles
I 500 1 G L . . ailed Pnoi to 200,000 cycles
0) o A —
> 400
g 300 ;
i -a CdAA b iLAI-AA- i’ | X !

i 200

100

0 100000 200000 300000 400000

Cycles
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Environmental testing of different matrix materials in [0/245/0]s,
[90/£45/90]s, and [+45]3laminates.

Tests 5235 through 5714 involved static tests of five different matrix materials at different temperatures (25,
40, 55 and 70 °C) and different moisture contents. For composite moisture gain, the test coupons were placed
in a distilled water bath at a temperature of 50 °C for 1,200 hours (433 hours for the Iso-Polyester). The
temperature that the coupons were tested at is listed in the last data column.

TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes

Lay-up = [0/+45/0]s, V= 0.36, Ave. thickness = 3.16 mm, S.D. = 0.11 mm, CoRezyn 63-AX-051 Polyester

*

5235 p-t-1 478 0.1 23.7 — I 25 °C
5236 p-t-2 489 * 0.1 23.4 — I 25 °C
5237 p-t-3 495 * 0.1 22.9 — I 25 °C
5238 p-t-15 477 * 0.1 21.9 — I 40 °C
5239 p-t-5 517 * 0.1 22.7 — I 40 °C
5240 p-t-6 496 * 0.1 23.5 — I 40 °C
5241 p-t-7 460 * 0.1 22.0 — I 55 0C
5242 p-t-8 482 * 0.1 23.5 — I 55 °C
5243 p-t-9 497 * 0.1 23.9 — I 55 °C
5244 p-t-10 422 * 0.1 19.9 — I 70 °C
5245 p-t-11 432 * 0.1 22.2 — I 70 °C
5246 p-t-12 403 * 0.1 20.5 —— I 70 0C
Tests 5247 - 5258 had an average moisture gain 0f 0.92% (conditioned 1,200 hours in 50°C water (Dl))
5247 w-p-t-I 434 * 0.1 20.3 — I 25 °C
5248 w-p-t-2 441 * 0.1 21.2 — I 25 °C
5249 w-p-t-3 455 * 0.1 23.0 — I 25 °C
5250 w-p-t-4 444 * 0.1 20.6 — | 40 °C
5251 wW-p-t-5 442 * 0.1 22.7 — I 40 °C
5252 w-p-t-6 411 * 0.1 20.2 — I 40 °C
5253 W-p-t-7 409 * 0.1 22.2 — I 55 °C
5254 w-p-t-8 387 * 0.1 22.5 — I 55 0C
5255 w-p-t-9 401 * 0.1 20.8 — I 55 °C
5256 w-p-t-10 390 * 0.1 21.4 — I 70 °C
5257 w-p-t-11 392 * 0.1 21.3 — I 70 0C
5258 W-p-t-12 383 * 0.1 21.1 — I 70 °C
5259 p-c-1 -604 * 13 — — I 25 °C
5260 p-c-2 -634 * 13 — — I 25 °C
5261 p-c-3 -641 * 13 — — I 25 0C
5262 p-c-4 -522 * 13 — \— I 40 0C
5263 p-c-5 -591 * 13 — I 40 °C
5264 p-c-6 -580 * 13 —- I 40 0C
5265 p-c-7 -455 * 13 — — I 55 °C
5266 p-c-8 -480 * 13 — — I 55 0C
5267 p-c-9 -437 * 13 — — I 55 °C
5268 p-c-10 -348 * 13 — — I 70 °C
5269 p-c-11 -388 * 13 — — I 70 0C
5270 p-c-12 -405 * 13 — — I 70 °C
Tests 5271 - 5282 had an average moisture gain of 0.87% (conditioned 1,200 hours in 50 3C water (D1))
5271 w-p-c-1 -327 * 13 — — I 25 0C

*

5272 w-p-c-2 -341 13 - - | 25 °C
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz  GPa % TO FAIL (mm)
ID # MPa and Notes
5273 w-p-c-3 -334 * 13 I 25 0C
5274 w-p-c-4 -306 * 13 — — I 40 °C
5275 w-p-c-5 -307 * 13 — — I 40 °C
5276 w-p-c-6 -317 * 13 — — I 40 0C
5277 w-p-c-10 -266 * 13 — —— I 55 0C
5278 w-p-c-11 277 * 13 — — I 55 0C
5279 w-p-c-12 -268 * 13 — — I 55 °C
5280 w-p-c-7 =240 * 13 — — I 70 °C
5281 w-p-c-8 243 * 13 — — I 70 0C
5282 W-p-c-9 -243 * 13 — — I 70 °C
Lay-up = [90/+45/90]s, V+= 0.36, Ave. thickness = 3.15 mm, S.D. = 0.10 mm, CoRezyn 63-AX-051 Polyester
5283 p-tt-1 78.7 * 0.1 8.9 — I 25 0C
5284 p-tt-2 75.0 * 0.1 9.6 — I 25 °C
5285 p-tt-3 68.5 0.1 9.3 I 25 0C
5715 1701 68.2 * 0.1 10.7 2.26 I 25 0C
5716 1T02 75.2 0.1 10.5 3.14 I 25 0C
5717 1703 77.8 * 0.1 10.1 3.51 I 25 °C
5286 p-tt-4 86.0 0.1 8.3 —— I 40 °C
5287 p-tt-5 84.7 0.1 8.8 — I 40 °C
5288 p-tt-6 85.1 * 0.1 8.3 — I 40 °C
5289 p-tt-7 84.1 * 0.1 6.1 —— I 55 °C
5290 p-tt-8 84.0 0.1 6.0 - I 55 °C
5291 p-tt-9 81.1 0.1 6.3 — I 55 °C
5292 p-tt-10 70.8 * 0.1 4.7 — I 70 °C
5293 p-tt-11 72.3 0.1 5.3 I 70 °C
5294 p-tt-12 70.6 0.1 3.8 —— I 70 0C
Tests 5295 - 5306 had an average moisture gain of 0.92% (conditioned 1,200 hours in 50 3C water (D1))
5295 w-p-tt-1 56.4 * 0.1 7.3 — I 25 °C
5296 W-p-tt-2 55.8 * 0.1 71 — I 25 0C
5297 W-p-tt-3 56.3 * 0.1 7.0 — I 25 0C
5839 1t04 77.2 * 0.1 8.94 2.95 I 25 °C
5840 1t05 71.9 * 0.1 8.68 2.78 I 25 0C
5841 1t06 75.8 * 0.1 9.02 2.79 I 25 °C
5208 W-p-tt-4 59.2 * 0.1 6.1 — I 40 °C
5299 W-p-tt-5 58.5 * 0.1 6.2 — I 40 °C
5300 W-p-tt-6 59.2 * 0.1 5.8 — I 40 °C
5301 W-p-tt-7 53.1 * 0.1 5.4 — I 55 °C
5302 W-p-tt-8 54.2 * 0.1 5.4 — I 55 0C
5303 W-p-tt-9 53.8 * 0.1 5.4 — I 55 0C
5304 W-p-tt-10 47.2 * 0.1 3.8 — I 70 0C
5305 W-p-tt-11 48.5 * 0.1 3.7 I 70 °C
5306 W-p-tt-12 50.9 * 0.1 3.4 — I 70 °C
Lay-up = [£45]3, Vf=0.36, Ave. thickness = 3.12 mm, S.D. = 0.08 mm, CoRezyn 63-AX-051 Polyester
5307 p-45t-| 111 * 0.1 10.2 — I 25 0C
5308 p-45t-2 115 * 0.1 11.3 —- I v c
5309 p-45t-3 111 * 0.1 11.3 — I 25 0C
5310 p-45t-4 108 * 0.1 8.9 — I 40 °C
5311 p-45t-5 105 * 0.1 10.1 — I 40 0C
5312 p-45t-6 108 > 0.1 9.2 — I 40 0C
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%

oned 1,200 hours in 50 3C water (D1))

0.11 mm, Derakane 411C-50, vinyl ester

TEST & MAX. R Q E
SAMPLE STRESS Hz  GPa
ID # MPa

5313 p-45t-7 91.5 0.1 7.6
5314 p-45t-8 90.3 * 0.1 7.7
5315 p-45t-9 88.9 0.1 7.3
5316 p-45t-10 72.8 0.1 5.1
5317 p-45t-ll 72.4 * 0.1 4.9
5318 p-45t-12 72.9 * 0.1 5.4
Tests 5319 - 5330 had an average moisture gain of 0.86% (conditi
5319 W-p-45t-1 65.8 0.1 7.6
5320 W-p-45t-2 69.4 > 0.1 7.7
5321 w-p-45t-3 66.6 * 0.1 75
5322 W-p-45t-4 68.5 > 0.1 6.1
5323 W-p-45t-5 69.2 * 0.1 7.1
5324 W-p-45t-6 64.6 * 0.1 6.2
5325 W-p-45t-7 58.7 > 0.1 5.4
5326 W-p-45t-8 59.6 > 0.1 5.1
5327 W-p-45t-9 61.2 * 0.1 5.5
5328 W-p-45t-10 435 0.1 3.0
5329 W-p-45t-II 45.1 * 0.1 3.3
5330 W-p-45t-12 46.2 * 0.1 3.0
Lay-up = [0/£45/0]s, V£= 0.36, Ave. thickness = 3.16 mm, S.D. =
5331 411-t-1 599 * 0.1 27.0
5332 411-1-2 525 * 0.1 25.6
5333 411-1-3 621 * 0.1 25.9
5334 411-1-4 546 * 0.1 24.6
5335 411-t-5 518 * 0.1 25.4
5336 411-t-6 595 * 0.1 25.2
5337 411-t-7 546 * 0.1 25.6
5338 41 1-t-8 558 * 0.1 25.4
5339 411-t-9 562 * 0.1 24.5
5340 411-t-10 463 * 0.1 30.0
5341 411-t-11 538 * 0.1 27.9
5342 41 1-t-12 502 * 0.1 23.2
Tests 5343 - 5354 had an average moisture gain of 0.34% (conditioned
5343 w-411-t-| 445 * 0.1 24.3
5344 w-411-t-2 441 * 0.1 25.9
5345 w-41 1-t-3 417 * 0.1 23.3
5346 w-41 1-t-4 413 * 0.1 25.9
5347 w-41 I-t-5 434 * 0.1 25.0
5348 W-411-t-6 409 * 0.1 26.3
5349 w-411-t-7 405 * 0.1 25.9
5350 w-41 1-t-8 384 * 0.1 25.1
5351 w-411-t-9 383 * 0.1 23.9
5352 W-411-t-10 378 * 0.1 25.5
5353 w-411-t-1l 381 * 0.1 26.4
5354 w-41 1-t-12 380 * 0.1 24.1
5355 411-c-1 -555 * 13 -
5356 411-C-2 -509 * 13 _—
5357 411-C-3 -594 * i J— -
5358 411-C-4 -505 * 13 —

CYCLES
TO FAIL

1,200 hours in 50 BC water (D1))

WIDTH
(mm)
and Notes
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
5359 411-C-5 -513 * 13 | 40 0C
5360 411-C-6 -504 * 13 - I | 40 °C
5361 411-C-7 -438 * 13 I - | 55 0C
5362 411-C-8 -447 * 13 - - | 55 °C
5363 411-C-9 -492 * 13 — — I 55 °C
5364 41 1-c-10 -445 * 13 — — | 70 °C
5365 411-c-II -453 * 13 I I | 70 °C
5366 41 l-c-12 -447 * 13 - — | 70 °C
Tests 5367 - 5378 had an average moisture gain of 0.32% (conditioned 1,200 hours in 50 '3C water (D1))
5367 w-411-c-1 -519 > 13 — — | 25 0C
5368 w-411-c-2 -536 > 13 - - | 25 0C
5369 w-411-c-3 -508 > 13 - - | 25 °C
5370 w-411-c-4 -522 > 13 — I | 40 0C
5371 w-411-c-5 -514 > 13 — E— | 40 °C
5372 w-411-c-6 -505 * 13 - - | 40 °C
5373 w-411-¢-10 -516 * 13 - - I 55 °C
5374 w-411-c-1l -477 * 13 B — | 55 °C
5375 w-411-¢c-12 -486 * 13 - - | 55 °C
5376 W-411-C-7 -455 * 13 - - | 70 °C
5377 w-411-c-8 -475 > 13 - I | 70 °C
5378 w-411-c-9 -494 > 13 — — | 70 °C
Lay-up = [90/£45/90]s, Vf= 0.36, Ave. thickness = 3.15 mm, S.D. = 0.10 mm, Derakane 411C-50
5379 411-tt-1 56.9 * 0.1 11.1 - | 25 0C
5380 41 1-tt-2 56.2 > 0.1 11.7 - | 25 °C
5381 41 1-tt-3 54.8 * 0.1 12.4 — | 25 0C
5382 41 I-tt-4 61.5 * 0.1 10.9 - | 40 0C
5383 41 I-tt-5 62.3 * 0.1 10.3 - | 40 0oC
5384 41 1-tt-6 63.3 * 0.1 10.8 - | 40 °C
5385 411-tt-7 63.2 * 0.1 6.9 | 55 °C
5386 41 1-tt-8 61.5 * 0.1 7.1 - | 55 0C
5387 411-tt-9 61.5 * 0.1 7.3 I | 55 °C
5388 41 I-tt-10 60.4 * 0.1 6.6 B | 70 0C
5389 411-tt-11 52.6 * 0.1 6.0 —— | 70 °C
5390 411-U-12 56.4 * 0.1 6.4 — | 70 0C
5718 ts4111 57.6 * 0.1 9.3 4.39 | 25 0C
5719 ts4112 54.8 * 0.1 9.2 4.92 | 25 0C
5720 ts4113 56.6 * 0.1 9.5 4.01 1 25 °C
Tests 5391 - 5402 had an average moisture gain of 0.34% (conditioned 1,200 hours in 50°C water (D1))
5391 W-411-tt-| 51.1 * 0.1 8.6 — I 25 °C
5392 w-41 I-tt-2 51.4 * 0.1 8.2 e 1 25 °C
5393 w-41 I-tt-3 50.9 * 0.1 8.5 — ! c
5394 w-41 I-tt-4 56 * 0.1 8.5 I | 40 °C
5395 w-41 I-tt-5 55.5 * 0.1 8.2 — | 40 °C
5396 w-41 |-tt-6 50.9 * 0.1 8.4 — | 40 °C
5397 w-411-tt-7 48.4 0.1 8.1 - | 55 °C
5398 w-41 |-tt-8 52.1 * 0.1 7.9 - | 55 °C
5399 W-411-tt-9 52.1 * 0.1 8.2 I 55 0C
5400 w-41 |-tt-10 52.6 * 0.1 7.3 - | 70 0C
5401 w-411-tt-1 1 52 * 0.1 7.5 - [ 70 °C
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes
5402 w-41 |-tt-12 50.1 * 0.1 7.2 | 70 °C
Lay-up = [+45]3 Vf=0.36, Ave. thickness = 3.12 mm, S.D. = 0.08 mm, Derakane 4 HC-50 vinyl ester
5403 41 1-45¢t-1 140 * 0.1 11.0 — | 25 0C
5404 41 1-45t-2 133 * 0.1 10.8 — | 25 °C
5405 411-45t-3 130 * 0.1 10.9 — | 25 °C
5406 41 1-45t-4 121 * 0.1 10.5 — = | 40 oC
5407 41 1-45t-5 121 * 0.1 10.6 — | 40 oC
5408 411-45t-6 123 * 0.1 9.8 — | 40 °C
5409 41 1-45t-7 112 * 0.1 9.8 — | 55 °C
5410 41 1-45t-8 116 * 0.1 9.6 — | 55 °C
5411 411-45t-9 117 * 0.1 10 — | 55 0C
5412 411-451-10 103 * 0.1 9.7 — | 70 °C
5413 411-451-11 100 * 0.1 8.5 I | 70 °C
5414 411-451-12 100 * 0.1 8.9 — | 70 °C
Tests 5415 - 5426 had an average moisture gain of 0.24% (conditioned 1,200 hours in 50°C water (D1))
5415 w-411-45¢t-1 135 * 0.1 11.4 — | 25 0C
5416 w-411-45t-2 135 * 0.1 11.4 — | 25 °C
5417 w-41 1-45t-3 133 * 0.1 10.2 — | 25 °C
5418 w-41 1-45t-4 129 * 0.1 — — I 40 °C
5419 w-41 1-45t-5 125 * 0.1 9.7 e [ 40 °C
5420 w-411-45t-6 127 * 0.1 9.5 — = | 40 °C
5421 w-41 1-45¢t-7 HO * 0.1 9.0 — | 55 °C
5422 w-411-45t-8 119 * 0.1 9.2 - | 55 °C
5423 w-411-45t-9 121 * 0.1 10.3 — | 55 0C
5424 w-411-45t-10 HO * 0.1 9.2 — | 70 °C
5425 w-411-45t-11 112 * 0.1 9.2 — = | 70 °C
5426 w-411-45t-12 112 * 0.1 9.3 — | 70 °C
Lay-up = [0/+45/0]s, V£= 0.36, Ave. thickness = 3.16 mm, S.D. = 0.11 mm, SC-14 Epoxy
5427 scl4-t-1 696 * 0.1 26.6 — | 25 °C
5428 scl4-t-2 727 * 0.1 28.0 — | 25 0C
5429 scl4-t-3 648 * 0.1 24.6 — | 25 °C
5430 scld-t-4 561 * 0.1 25.1 —= | 40 °C
5431 scl4-t-5 603 * 0.1 25.3 — = | 40 °C
5432 scl4-t-6 572 * 0.1 25.8 — | 40 °C
5433 scl4-t-7 584 * 0.1 242 | 55 0C
5434 scl4-t-8 548 * 0.1 27.0 — | 55 0C
5435 sc 14-1-9 578 * 0.1 23.5 — | 55 0C
5436 scl4-t-10 570 * 0.1 23.5 — | 70 0C
5437 scl4-t-11 569 * 0.1 23.4 - | 70 °C
5438 scl4-t-12 595 * 0.1 24.8 - I 70 °C
Tests 5439 - 5450 had an average moisture gain of 1.34% (conditioned 1,200 hours in 50 0C water (D))
5439 w-scl4-t-1 569 * 0.1 25.0 - | 25 0C
5440 w-scl4-t-2 437 * 0.1 23.9 — | 25 0C
5441 w-scl4-t-3 454 * 0.1 24.3 — | 25 °C
5442 w-scl4-t-4 426 * 0.1 23.6 — | 40 0C
5443 w-scl4-t-5 428 * 0.1 25.4 — | 40 °C
5444 w-scl4-t-6 434 * 0.1 23.3 - | 40 °C
5445 w-scl4-t-7 396 * 0.1 23.5 - I 55 0C
|

5446 w-scl4-t-8 404 0.1 25.5 — 55 °C



TEST & MAX. R 0 E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)

ID # MPa and Notes
5447 W-sc 14-t-9 408 * 0.1 23.8 - I 55 0C
5448 w-scl4-t-10 362 * 0.1 221 I 70 °C
5449 w-scld-t-1 1 351 * 0.1 21.8 - I 70 °C
5450 w-sc 14-1-12 357 * 0.1 231 I 70 °C
5451 scld-c-I -563 * 13 _— I 25 °C
5452 scl4-c-2 508 * 13 —_— I 25 °C
5453 scld-c-3 -532 * 13 - I 25 °C
5454 scld-c-4 511 * 13 —_— I 40 °C
5455 scld-c-5 -555 * 13 — e I 40 °C
5456 scld-c-6 -537 * 13 _— I 40 0C
5457 scld-c-7 -492 * 13 - I 55 °C
5458 scl4-c-8 464 * 13 - I 55 °C
5459 scld-c-9 -480 * 13 - I 55 °C
5460 scld-c-10 414 * 13 _— I 70 °C
5461 scld-c-11 -406 * 13 - I 70 0C
5462 scld-c-12 424 * 13 _— I 70 °C

Tests 5463 - 5474 had an average moisture gain of 1.41% (conditioned 1,200 hours in 50 3C water (D1))

*

5463 w-scld-c-1 -454 13 - - I 25 0C
5464 w-scld-c-2 -456 * 13 _— I 25 °C
5465 w-scl4-c-3 -462 * 13 - I 25 0C
5466 w-scl4-c-4 -428 * 13 —_— I 40 0C
5467 w-scl4-c-5 -334 * 13 —_— I 40 0C
5468 w-scld-c-6 -412 * 13 _ I 40 0C
5469 w-scld-c-10 -318 * 13 _— I 55 °C
5470 w-scld-c-11  -371 > 13 —_— I 55 °C
5471 w-scld-c-12 -368 * 13 —_— I 55 °C
5472 w-scl4-c-7 -375 * 13 — I 70 °C
5473 w-scl4-c-8 -293 * 13 —_— I 70 °C
5474 w-scl4-c-9 -349 * 13 _ I 70 °C
Lay-up = [90/£45/90]s, VF= 0.36, Ave. thickness = 3.15 mm, S.D. = 0.10 mm, SC-14 Epoxy

5475 scl4-tt-14 86.6 * 0.1 9.1 - I 25 °C
5476 scl4-tt-2 92.4 * 0.1 95 - I 25 °C
5477 scl4-tt-3 91.8 * 0.1 8.8 - I 25 °C
5478 scla-tt-4 97 * 0.1 87 - I 40 0C
5479 scl4-tt-5 89.7 * 0.1 8.4 - I 40 °C
5480 scl4-tt-6 92.1 * 0.1 82 - I 40 °C
5481 scld-tt-7 93.4 * 0.1 79 - I 55 °C
5482 scl4-t-8 93.1 * 0.1 76 - I 55 °C
5483 scl4-t-9 88.3 > 0.1 .7 - I 55 °C
5484 scla-tt-10 100 * 0.1 76 - I 70 °C
5485 scla-tt-1 93.4 * 0.1 7.4 - I 70 °C
5486 scla-tt-12 90.1 * 0.1 76 - I 70 0C
5721 tscl4al 109 * 0.1 9.4 3.21 I 25 °C
5722 tscl4? 121 * 0.1 9.5 4.73 I 25 °C
5723 tscl43 104 * 0.1 9.4 3.45 I 25 °C
Tests 5487 - 5498 had an average moisture gain of 1.34% (conditioned 1,200 hours in 50 3C water (D))
5487 w-scl4-tt-| 76.2 * 0.1 8.6 — I 25 0C
5488 w-scla-tt-2 70.1 * 0.1 82 - I 25 °C
5489 w-scl4-tt-3 69.9 * 0.1 78 - I 25 °C
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes

5490 w-scl4-tt-4 73.9 * 0.1 7.5 I 40 °C
5491 w-scl4-tt-5 68.3 * 0.1 7.1 — | 40 °C
5492 w-scl4-tt-6 76.9 * 0.1 7.1 — | 40 °C
5493 w-scl4-tt-7 68.1 * 0.1 6.3 - | 55 0C
5494 w-scl4-tt-8 66.1 * 0.1 6.8 I | 55 °C
5495 w-scl4-tt-9 71.1 * 0.1 6.3 — | 55 °C
5496 w-scl4-tt-10 66.8 * 0.1 5.2 I | 70 °C
5497 w-scl4-tt-11 67.3 * 0.1 5.1 - | 70 °C
5498 w-scl4-tt-12 70.4 * 0.1 5.5 — | 70 0C
Lay-up = [+45]3 Vp = 0.36, Ave. thickness = 3.12 mm, S.D. = 0.08 mm, SC-14 Epoxy
5499 scl4-45t-1 92 * 0.1 9.6 — | 25 °C
5500 sc 14-451-2 87.6 * 0.1 9.2 - | 25 0C
5501 scl4-45t-3 92.7 * 0.1 8.8 I | 25 °C
5502 scl4-45t-4 85.9 * 0.1 8.6 B | 40 °C
5503 scl4-45t-5 84 * 0.1 7.4 — | 40 °C
5504 scl4-45t-6 85.1 * 0.1 7.7 — | 40 °C
5505 scl4-45t-7 75.7 * 0.1 6.4 — | 55 °C
5506 scl4-45t-8 79.9 * 0.1 7.1 - | 55 0C
5507 scl4-45t-9 74.7 * 0.1 6.9 — | 55 °C
5508 sc 14-451-10 64.2 * 0.1 6.4 — | 70 °C
5509 scld-45t-11 73.6 * 0.1 6.7 — | 70 0C
5510 sc 14-451-12 64.9 * 0.1 5.7 I | 70 °C
Tests 5511 - 5522 had an average moisture gain of 1.24% (conditioned 1,200 hours in 50 3C water (D 1))
5511 w-scl445tl 93.1 * 0.1 8.1 e | 25 °C
5512 w-scl445t2 81.4 * 0.1 7.8 i | 25 °C
5513 w-scl445t3 89 * 0.1 8.2 o | 25 0C
5514 w-scl445t4 84 > 0.1 7.2 — | 40 °C
5515 w-scl445t5 73.7 * 0.1 6.8 — | 40 0C
5516 w-scl445t6 75.4 * 0.1 6.5 — | 40 0C
5517 w-scld445t7 66.4 * 0.1 6.1 - | 55 0C
5518 w-scl445t8 67.6 * 0.1 6.0 — | 55 °C
5519 w-sc 144519 65 * 0.1 5.7 — | 55 °C
5520 w-scl445tl0 55 * 0.1 4.0 — | 70 °C
5521 w-sclaastll  51.9 * 0.1 3.8 I 70 °C
5522 w-scl445tl2 49.5 * 0.1 3.5 — | 70 0C
Lay-up = [0/+45/0]s, V= 0.36, Ave. thickness = 3.16 mm, S.D. = 0.11 mm, Derakane 8084 vinyl ester
5523 8084-t-I 698 * 0.1 24.9 - | 25 0C
5524 8084-1-2 684 * 0.1 25.1 - | 25 0C
5525 8084-1-3 539 * 01 23.9 - [ 25
5526 8084-t-4 480 * 01 22.9 — [ 40 Qt:
5527 8084-1-5 471 * 0.1 24.0 - | 40 0C
5528 8084-1-6 550 * 0.1 24 .4 - | 40 °C
5529 8084-1-7 532 * 0.1 24.4 - [ 55 °C
5530 8084-t-8 656 * 0.1 23.6 — | 55 0C
5531 8084-1-9 588 * 0.1 24.1 — | 55 0C
5532 8084-t-10 556 * 0.1 23.5 — | 70 0C
5533 8084-t-11 536 * 0.1 22.5 | 70 °C
5534 8084-t-12 550 * 0.1 22.3 - I 70 0C
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TEST & MAX. R Q E e CYCLES WIDTH
SAMPLE STRESS Hz GPa % TO FAIL (mm)
ID # MPa and Notes

Tests 5535 - 5546 had an average m0|sture gain of 0.44% (conditioned 1,200 hours in 50 °C water (D))

5535 w80B4t1 461 T 01 256 — | B0
5536  wB0BAt2 463 01 51 — I 5°C
5537  wB0BAt3 472 T 01 243 e
5538 we0B4t4 43 T 01 246 | 40°C
5539  wB0AtE 4% T 01 286 @ — | 400C
Mowemn 2 0 @B 8
W-8084-t- N . 9 — | 50
542 w80BAt8 419 Y 01 249 | %0
43 wmmt-%o g% T 01 %2 — |  5%°C
W-8084-- 01 288 — I 70°C
5545 w8084l 397 * 01 242 I 70°C
5546 W—8084~|t—12 3w Y 01 244 I 700C
5547 80B4-C- -600 B — — I 50
548 eeaC2 B0 Y B | %°C
549  84C3 611 T B - | 50
5550  80B4C4 A% B - | 40°C
ST o<1 el R A < = | 40°C
5552  8B4C6 40 T B - | 400C
T4 wece a4 * B | R
A T S - LS
5556  80B4clO 445 T B -  — | 700C
5657 8m4cll 44 Y13 | 70°C
5558 80B4-c12 449 13 | 70°C
Tests 5559 - 5570 Imll anawerage moisture gain of 042% (oondltloned 1,200 hours in 50 °C water (DI))
5559 w-B0B4cd B2 13 | 5°C
5560  wB0B4c2 AR T B —  — | 50
56l w80B4c3 518 T B — | 5°C
5562 we0B4c4 87 T 13 - | 40°C
5563  weBAc5 52 T B | 40°C
5564  we8B4c6 40 T B |  40°C
566 welB4c10 431 T 1B - | 50
5566  w-80B4cdl 466 T 13 - — | 50
5567  welB4cl2 466 - B | 50
5568 w80B4c7 44 T B | 700C
5560  wB084c8 435 B — — | 70°C
5570  wem4c9 38 T 13 | 70°C

Lay-up = [90/+45/90]s, VF=0.36, Ave. thickness = 315 nmm SD =0.10 mm Derakare 8084 vinyl ester
%1 8084-tt-|

795 T 01 128 | %°C
552 8BAt2 &8 . 0l 13— | 5C
S w04 w2 % 01 1m0 | 0
575 eU5 &6 X 01 107 | 00
S576 8B4t 626 ¢ 01 104 - | 40°C
S5r7  80B4tt7 805 < 01 83 | 5%
55718 8BAU8 894 01 82  — | 5L
559  eeAU9 &1 Y 01 79 | 5%°C
5580 8B40 583 01 62 | 700
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TEST & MAX R E e CYCLES WDIH

SAVPLE STRESS GPa % TO FAIL  (mm)
ID # MPa and Notes
581 8084-tt-11 9.3 01 62 | 70°C
5582 8084-U-12 576 01 62 — | 700C
5724 180841 62.7 01 86 37 | 2 °C
5725 180842 62.9 01 83 44 I 2 °C
5726 180843 633 01 81 4.2 | 2 °C

Tests 5583 - 5594 had an average noi

re gain of 044% (condltloned 1,200 hours in 50 ZCwater (DI))
5583 wW-8084-tt-1 475 2 °C

01

************@ * % % ok

|
5584 w804-tt-2 484 01 8.5 — | 25 0C
5585 WA0B4-U3 495 01 83 — | 2 °C
5586 w-8084-tt-4 513 01 83 — | 40 °C
5587 wW-8084t-5 495 01 74 — | 40 0C
5588 w8084-tt-6 497 01 80 — | 40 0C
5589 W-8084-tt-7  49.2 01 73 — | % 0C
5590 W80B4-U8 531 01 73 — | %5 0C
o501 WR0B4U9 457 01 74 — | % °C
5592 wW-8084-tt-10 534 01 66 — | 70 °C
5593 wW-8084-tt-1 1 512 01 70 — | 70°C
o554 w-8084-tt-12 52 01 68 — I 70 °C

Lay-up = [+45]3 M =0.36, Ave. thickness =312 nm S.D. =0.08 mm Derakane 8084 vinyl ester
5595 8084-451-1 12 ]

o1 97— |~ 5°C
559 8084-451-2 134 N 01 104 — I 25 °C
5597 8084-45t-3 15 N 01 108 — I 25 °C
5598 8084-451-4 118 N 01 90 — I 40°C
5599 8084-45t-5 17 N 01 96 — I 40°C
5600 8084-45t-6 116 N 01 93 — I 40°C
5601 8084-45t-7 113 N 01 87 — I 5% °C
5602 8084-45t-8 14 N 01 86 — I % °C
5603 8084-45t-9 13 N 01 85 — I % °C
5604 8084-451-10 100 . 01 74 — I 70 0C
5605 o34451-11 1 N 01 78 I 70 0C
5606 8084-451-2 103 01 73 | 700C
Tests 5607 - 5618 hed an average noistre gain of 0.38% (oondltloned 1,200 hours in 50°C water (DI))
5607 w-8084-45t-1 115 N 01 103 I 5 °C
e N
5610 wW-8084-45t-4 108 : 01 96 — I  40°C
22 weeree ot o1 97 — | 0©
gg% weeie7 1@ * a1 o1 — | 50C
5614 wW-8084-45t-8 102 : 01 94 I 5 0C
5615 wW-8084-45t-9 101 01 94 — I 5 °C
5616 W-8084-45t-10 95 : 01 80 — I 70°C
5617 W-8084-45t-1 | . 01 73 — I 70°C
5618 W-8084-45t-12 94 01 78 I 70°C

0/+45/0]s, VF=0.36, Ave. thidness =316 nm S.D. O 11 mm CoRezyn -AQ-051 Iso-Polyester

Lay-up=
5619 tpt-1 6%4 N 01 249 — | 5°C
5620 tpt-2 652 N 01 288 — I 5 °C
5621 pt3 557 N 01 239 — | 25 0C
5622 tpt4 656 01 239 I  40°C
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TEST & MAX R I% E e CYCLES WDIH

SAVPLE STRESS GPa % TO FAL ()

ID # MPa and Notes
5623  tpt5 578 N 01 253 | 40°C
5624 tpt-6 646 N 01 260 - I 40°C
5625 tpt-7 629 01 288 — I 5% °C
5626 tpt8 607 " 01 240 — I 5% °C
5627 tpt9 660 N 01 242 — I % °C
5628 tpt-10 601 N 01 242 I 70°C
5629 tpt-11 529 N 01 285 — I 70 °C
5630 tpt-12 601 01 230 I 700C
Tests 5631 - 5642 had an average rmstgre gainof 0. 5%(oond|t|oned 430 hours in 50 °Cvxater oy
5631 WHPH-1 582 01 266 25 °C
5632 WHp-t-2 635 . 01 241 — I 5°C
5633 WHp--3 531 01 255 — I 25°C
5634 WHp-t4 618 . 01 250 — l 40 °C
5636 WHpt-6 628 : 01 250 — . 40 °C
5637 WHp-t-7 609 : 01 249 — l 5% °C
5638 WHp-t-8 599 : 01 262 — l 5% °C
5639 WHpt-9 618 . 01 250 — l % °C
5640 WHpt-10 557 : 01 28 — l 70 °C
5641 Wp-t-11 553 : 01 244 — . 70 °C
5642 WHp-12 M1 : 01 230 — . 70 0C
5643 tpcl 531 . B — — l 25 °C
5644 tpc-2 574 B3 — - l 25 °C
5645 tpc3 -626 B — l 25 °C
5646 tpc4 559 : 3 — — l 40 °C
5647 tpch 525 : 3 — — l 40 °C
5648 tpc6 -569 : 3 — — l 40 °C
5649 tpc-7 45 : B3 — — l 5% °C
5650 tpc8 -536 " B3 — — l 5% °C
5661 tpc9 540 . B — — l 5% °C
5652 tp-c-10 -4% B — — l 70 °C
5653 tp-c-11 -500 . B3 — — l 70°C
5654 tpc-12 -4 13 70 °C
Tests 5655 - 5666 had an average rmsture gain of05% (oondltloned430 hours in 50 °CV\ater on)
5655 WHp-c-1 -59%5 13 : 5°C
5656 Wp-c-2 583 B - - l 25 °C
5657 WHp-C-3 47 3 - - : 25 °C
5658 WHp-c4 534 3 - : 40 °C
5659 WHP-CH -495 3 - - : 40 °C
5660 WHpP-c-6 -580 B - l 40 0C
5661 Wp-c-10 -476 3 - - . % °C
5662 wp-c-11 514 3 - - . 55 C
5663 Wp-c-12 539 3 - - l % 0C
5664 WHP-C-7 -430 3 - - l 70 °C
5665 WHp-c-8 -499 3 - - l 70 °C
WHP-C9 -509 13 l 700C

LayLLp [90/+45/90]s, V- 0.36, A, 1hIC|<I‘ESS 3 15 mm S. D 0.10mMm CoRezyn Iso-Polyester
5667 tpt-1 67.8 . 01 92 - 5°C
5668 tpt-2 684 . 01 90 - l 25 °C

5669 tpt-3 64.8 : 01 93 - ! 2 °C
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TEST & MAX R I-Olz E e CYCLES WDIH

SAVPLE STRESS Ga % TO FAIL ()
ID # MPa and Notes
5670  tpit4 77T 01 83 | 40°C
5671 tpit5 85 * 01 8 — | 400C
gg% tpit6 22.1 01 83— | 400C
tpAt-7 4 T 0 77 — | 50
5674 tpit8 9 T 01 79 — | 50C
5675 tpit9 68.8 01 79 — | 50
5676  tpt-10 01 0l 74— I 70°C
S Gup W8 * 01 74— |
Tests 5679 - 5690 hed an average nnoisture gain of050/o(oond|t|oned430 hours in 50 °C weter (DI))
5679 wpt-l 64.8 01 94 | %°C
5680  WApt-2 88 01 97 — I 5°C
566l WApHt3 66 -~ 01 91 @ — | 5°C
5682 WpAt4 66 -~ 01 90 @ — | 40°C
% wpts M8 1 01 0 — | a0
X wiptt7 679 -~ 01 8  — | 50
V- 663 01 89 — | 50
5687 WAHED 66 - 0l 84 — | 5@
5688  wiptt-l0 646 T 0l 76 @ — I 70°C
W wptll 62 T 01 76 — | 700C
W2 677 01 71 | 700C

Lay-tp [J;;I}5]4§Vp 0.36, Ave. thickress =312 nm SD. = 008anoRezyn Iso-Polyester

13~ 01 15 | B
5692 {p-45t-2 % 01 3 — | %°C
5608 (p45t3 2 Y 01 12— | %°C
5604 tp45td L4 * 01 15— | 40
5% (p45t5 w Y o1 7 — | 400C
5696 tp45t6 L8 Y 0l 100 — | 40°C
5697 tpd5t7 ue ¥ 01 101 — | S
5608 (p45t8 ue * o1 102 — | S
B
oo Bl @2t o1 9  — | @
5702 tf)-45t-12 W * 01 88 | 700C
Tests 5703 - 5714 hed an average moisture gain of 0.28% (oondltloned 430 hours in 50 QC water (DI))
508 wipdstl 131 01 119 |

504  wipdt2 15 % 01 120 | 2%
506 wipdt3 1R 01 1 — | B0
506  wipdit4 24 Y 01 13— | 400
507  wipdsts 16 F 01 108 — | 40°C
womse &b R - 1A
S0 whee W % ol 89 - | B
o0 wpse MO Y ol %2 — S
512  wipdstlo ¥8 Y 01 77 — | 70°C
5713  wipdstll %8 Y 01 75— | 700
5714 wipdstl2 1 01 89 — | 70°C
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Tests 5739 through 5838 involved (0/+45/0) laminates with D155/DB120 and A130/DB120 fabrics. These
laminates were placed in distilled water and monitored for moisture absorption and ultimate compressive
strength changes with moisture content. Two of these laminates were taken out of the water, bonded back-to-

back, and compression tested. The back-to-back configuration gave the coupon added buckling resistance and
simulated Material DD5P (denoted with a “D”) and Material DD 1| (denoted with an “A”). See Ref. 18.

TEST & MAX R % E e Test

SAIVPLEID 1 S1FESSNPa Ga % TO FAIL Tenperature
Tests 5739 - 5746 control gr_%% no nisture condltlonlng after 24 hours at 40 °C
5739 D656 13 | 25°C
5740 D637 565 7 B - | 25°C
5741 D653 52 Y B - | 50
5742 D612 476 13 - — | 5°C
5743 AB04 21 7 B3 - — I 5°C
5744 AB140 2T B | 25°C
5745 A5962 21 7 3 e
5746  AS974 -272 B - | 5
-SI—%lt?S 5747- 825229 were tested ifsg 24 hogrs in40 (1I3:v\ater (D0.20% moisture gain, A-0.29%6 noisture gain)

- - - I 5°C

5748 D517 59 T 0B - |  25°C
5749 D6559 533 3 - I  25°C
5750  D5866 509 T B I 5°C
5751 ABH46 -239 3 - — |  25°C
5752 AB23%6 ¥ B - I %5°C
5753  ABl4L 22 7 3 — |  25°C
5754 ABl4T 206 13 | 50C
Tests 5755-5765 were tested after 144 hours in40 CCV\ater (DO 47°/orm|sture gain, A-0.54% noisture gain)
57% D629 -665 13 25 °C
575 D614 464 T B - | 25°C
5757 D6l12 57 7 3 - — I 5°C
5758 D625 464 3 — I  25°C
5759 ABO70 250 T B I 5°C
5760  AB0 ci B3 — I  25°C
5761  AB236 288 3 - - I 5@
5762 AS950 2% 3 - — |  25°C
5763 D&l 519 7 B3 - — e
5764 D635 -486 3 - I o0QC
5765  D6369 452 T 13 - —- | 0°C
Tests 5766-5765 were tested after 1315 hours in40 *Cwetter,(D-0.61%6nisture gain, A-0.73%bnisture gain)
5766 D643 471 B3 — — I  %5°C
5767 D6489 59 Y 0B | B0
5768 D646 4747 B -  — i
5769 D650 40 I - -ie
5770  AB570 23 13 — | 25°C
5771 AS976 211 B - - I 250C
5772 AB2L -260 3 - - I  25°C
5773 AB28 -191 13 I 25°C
Tests 5774-5779 control group, o rmlsture oondltlonlng after 1315 hours at40 OC
5774  DBAY -509 13 I 250C
5775 D6370 404 B - - e
5776 Db924 621 B - - I 25°C
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IEST & MAX R % E e CYCLES Test
SAVPLE STRESS GPa % TO FAIL Tenyerature
ID # MPa

5777 ABLIY 28 Y 0B | o»c
5778 AS980 -261 N 3 — — | 5 °C
5779 AB007 279 13 [ 5 °C
Tests 5780-5786 control grap no mxsture cordltlonlrg after 2000 hours at 40 °C, 2650 hours a 20 °C
5780 D6210 x B o, I 25 °C
5781 D401 -568 . 3 — — I 5 0C
5782 D6219 539 . 3 — —- | 25 °C
5783 AS970 -218 . 3 - e I 25 0C
5784 AB070 -307 N 3 — e | 2 0C
5785 A5983 -300 13 I 25 °C

Tests 5786-5801 were tested after 2000 hours in40 °C\Aaterard2650 hours in 20 °C water,
(D0.62% noisture gain, A-0.64% noisture galn)
-405

5786 D6212 : | 25 °C
5787 D6220 -393 . 13 — - | 25 °C
5788 D6171 473 . I T - — | 5 0C
5789 D674 -413 13 — — | 5 0C
5790  D5978 -352 * B _— I  50°C
5791 D6349 -414 * B — — I 50°C
5792 D6491 423 * B - I  50°C
o Da2ro 423 T B | 50°C
AB008 -228 13 — - | 25 °C
57195  AB506 -267 * B - - I  25°C
5796  ABlL19 -240 * B - - I  2%°C
5797 A6034 24 T B | 25°C
5798 AB149 -176 N 13 - | 50 °C
5799 AB396 -125 " 13 — - | 50 °C
5800 AB223 -216 " 13 — — | 50 0C
5801 AB149 -179 13 | 50 °C
Tests 5802-5817 were tested after 2000 hours in40 (I:vxaterard 13355 hours in 20 °C water,
(D0.97% nmisture gain, A-1.01%6 nisture gain)
5802 D6223 -442 * 13 - | 25 0C
5803 D6883 -406 * 13 - | 25 °C
5804 D6037 -404 * 13 e | 25 °C
5805 D5992 -366 * 13 _ I 25 °C
5806 A6026 -163 * 13 - | 25 °C
5807 A5972 -215 * 13 -_ | 25 0C
5808 A6188 -229 * 13 -_ | 25 °C
5809 A6061 203 * 13 - I 25 °C
5810 D5864 -377 * 13 - | 50 0C
5811 D5960 -332 * 13 _ | 50 0C
5812 D5842 -309 * 13 - | 50 °C
5813 D6316 -375 * 13 e | 50 0C
5814 A5975 -132 * 13 —_ - I 50 0C
5815 A6218 -154 > 3 e I 50 0C
5816 AS894 -188 * 13 _ I 50 0C
5817 A6165 225 * 13 —_— - I 50 0C

Tests 5818-5786 control group, no moisture conditioning, after 2000 hours at 40 0C, 13355 hours at 20
5818 D6394 -448 * 13 — I 25 ¢C

5819 D6248 361 * 13 — I 25 °C
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TEST & MAX R Q E 0 CYCLES  Test
SAVPLE STRESS GPa % TO FAIL Tenperature
ID # MPa

5620 D625 44T B | 50
521 D472 B8 F B - — I 25°C
582 D685 532 B | 5
5623 D6428 559 T B - | 25°C
5824 D6l83 56 C 0 B - | 50°C
5825 D63l -463 B | 50°C
5626 D617 52 T 0B - - | 50°C
5827 Dedll 40 B | 500C
2 A0 = * 5 | mec
- 13 — | 5°C

5830 A6I6L 2 T B - | 25°C
53 ABOO8 28 B | 5°C
5832 AB036 22 B _— | 5°C
5633 ASLL 20 0T B — | 5°C
5834 AB%1 > T B | 500C
5835 AG250 200 T B - | 50°C
5836 ABO79 -232 B | 50°C
5837 ABA 264 B — | 50°C
AB056 28 * 1 - | 500

5838
These tests are summarized in the two tables below [18].

Conpression Testing Summary of Coupons (0/+45/0) Bxposed to 20 - 40 OC Distilled \ater
(D155 and A130 @ fabric with DB 120 +45° fabric, VF=0.34)

Average Mbisture Gain
B%re nge%m, (SD), % AvePlstﬁgm % pe s %
hours °C DI A0 GD)m JP%® T (sp)m  TEE
0 2 0 0 51739) —  265(9) -
24 20 02000) 029(003 51619 03 262(5) 08
144 20 047(001) 054(002) 481(30) 69  286(27) 84
1315 20 061006 073(004) 47135 -0  219(%) 17
4,650 20 062(011) 064(008) 42031) -9  240(17) 93
4,650 50 062 064  4BQR) 15 174(2) 0
1535 0 09402 L2006 404(3) -2 0@ B
15,355 50 0902 09(00) H8BE) 6  IBEA) -0

Baseline D155 modulus = 24.8 GPa, Baseline A130 nodulus = 23.7 GPa
at 1%nisture - D155 = 24.8 GP, a 1%onisture - A130 = 199 GPa
Coupons were tested in adouble thickness configuration at 13 ns with a 13 mmgage length.
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Compression Testing Summrary of Dry Control Coupons (0/345/0)
(D155 and A130 ( fabric with DB 120 +45° fabnc, Vf=0.34)

Exposure Timg, hours . 1550Q AveDlstSrgrgm % AveAsltgrgrgm %eChange
’ Teperature, OC "y 'vpa 9B “5p) MPa
0 20 517 (39) — 25 (9) ]
1,315 dry control 2 511(89)  -12  274(10) 138
4,650 cry control 2 556(13) 474 275 (40) 9
15,355 ciry control 2 46(86) 64  260() +16
15,355 cry control 50 267 96 250(17) 58

DD5P Environmental Tests

Tests 4830 - 4899, 5860 - 5399 involved full thickness DDSP couporns which were immrersed indistilled water
for a total of 300 days The first 91 days were at a temperature of 40 °C with the remaining tine at room
tenyperature (18-22 °C). These “WET” coupons averaged 1.0 percent moisture absorption at the time
of testing. All the tensile coupons inthis series were dog boned shaped with a minimumwidth of 22 mm The
cormpression coupons Were 25 mmwide and involved a gage length of 13 nm The last colunm of data lists
the tenperature thet the test wes run under, and whether or not the coupon wes “DRY’” (not soaked in water,
h%fg/ormistlgre contertt) or WET (coupons thet were soaked in distilled weter, as described abowve). See
rence

MATERIAL DD5P - Environmental
Lay-up = [0/+45/0]s, VF=0.36, Ave. thickness (dry) = 3.13 nm S.D. (dry) =0.004 nm
Awe. thickness (wet) =2.95 nm S.D. (dry) =0.004 mm CoRezyn 63-AX-051 Polyester

TEST & MAX R Igz E e CYCLES  Tenperature
SAVPLE STRESS GPa % TO FAIL  adcondition
ID # MPa

4880 DDPB0 310 01
4881  DDBPBI6 310 01
4%  DDEPBI6 310 Q1
4883  DDEPBI9 710
484  DDGPBI4 70 *
485 DDEPBL7 742

488 ~ DDSPBL2 414 01

216 162 178431 50 °CDry
208 164 233742  50°CDry
21 1R 246075 50 °CDry
195 36 |  50°CDy
23 33 |  50°CDy
23 34 |  50°CDy
21 22 4207 50°CDry

3

3

3

13

13

13

2
4887 DD6P821 414 01 2 2 203 3614  50°CDry
4888 DD5P818 414 01 2 215 186 1132 0 °Chy
4801 DD5P0BW 241 01 5 - - 2,145373 S0 ICWet
4892 DD5P0OW 310 01 3 20 142 17971 0 °CW\et
4893 DD5P0IW 241 01 5 20.6 119 1733316 S0 °CW\et
48%4 DD5POO2W 241 01 5 20.8 122 2033339 50 °CWat
4895 DD5PA03W 310 01 3 213 151 45534 50 °CWet
489 DD5Po04AW 310 01 3 20 1A 35346 50 °CW\et
4897 DD5P05W - 693 . 3 216 — | 30 *CWet
4898 DD5P0O/W 688 " 3 2 - | 0 °CW\et
4899 DD5P06W 734 B3 2 — | 50 OC W&t



SAVPLE
ID #
5860 DD5PI0OW
861 DD5PI10W
5862 DD5P911W
5863 DD5Po12W
5864 DD5P913W
5865 DD5P914W
5866 DD5P915W
5867 DD5P916W
5868 DD5PI17W
5869 DD5P918W
5870 DD5P919W
871 DD5P20W
5872 DD5P921
5873 DD5P930
5874 DD5P926
3875 DD5P929
5876 DD5P924
877 DD6P931
5878 DD5P925
5879 DD5P923
5880 DD5P922
5881 DD5P927
5900 DD5P963
5882 DD5P928
5883 DD5P932
5884 DD5P933
5885 DD5P345
5898 DD5P340
5886 DD5P944
5887 DD5P937
5892 DD5P936
5888 DD5P95/W
5889 DD5PIS6\W
580 DD5PI55W
5801 DD5P6AW
5893 DD5PI63WV
584 DD5PI58W
58%5 DD5PO5OW
5896 DD5PI60W
5897 DD5PO6IW
5899 DD5PY62W

-276
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CYCLES  Tenperature

TO FAIL

—_—— 5

1410
37,673
44,469
4,737

190,729
342,905
141,564

124,290
173,669
482,504
98,038
74,728
49,636

1,109,352
48127
164,214
288,708

and condiition

50 °CW&t
50 °C\W\&t
50 °CW\kt
50 °CW\kt
50 °CW\&t
50 °C Wkt
50 °C Wkt
50 °C W&t
50 OCW\et
50 OCW\kt
50 °CW\et
50 °.c W&t
50 CDry
50 °CDry
50 °CDry
50 °CDry
50 °CDry
50 °CDry
50 OCDxy
50 °CDry
50 °CDry
50 °CDry
50 °CDry
20 °CDry
20 OCDry
20 °CDry
20 °CDry
20 OCDry
20 °CDrxy
20 °CDry

20 °CW\&t
20 °CW\et
20 ICW\et
20 °CW\et
20 CW\et
20 CW\&t
20 °CW\et
20 °CW\&t
20 °CW\&t
20 °CW\&t
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Neat Resin Tests

TEST & MAX R Q E e CYCLES \MDTH
SAVPLE STRESS GPa % TO FAIL (™)
ID # MPa and Notes

Meximumestress colunm lists the meximumstressiyield stress. The listed yield stress wes determined using
the 0.2%%strain offset method.

CoRezyn 63-AX-051 (Interplastics Corporation)

Heat deflection terrperature (3 tests) - 53.6 0C155.3 OC, 56.1 OC

5842 poly| 50.6/474 * 01 301 24 I n
5843 poly2 483/41.7 * 01 325 166 | n
5844 poly3 54.3/465 * 01 329 13 I n
Derakare 411G50 (Dow Chemical)

Heat deflection tenrperature (3 tests) - 73.5 0C180.2 °C, 79.6 0C

5845 411C 57214711 * 01 326 202 | n
5846 41122 588/532 * 01 316 214 | n
5847 411C3 57.1/509 * 01 32 2.02 I n
Derakare 8084 (Dow Chermical)

Heat deflection tenperature (3 tests) - 72.6 °C, 74.7 °C, 75.2 0C

5848 80841 75.1/584 * 01 3¢ 336 I n
5849 80842 738/545 * 01 333 295 I n
5850 80843 68.8/526 * 01 33 2.6 I n
System41 (System Three)

Heat deflection termperature (3 tests) - 59.4 °C, 52,9 °C, 533 (C

5851 sys3l 5115511 * 01 359 15 I n
5852 sys32 531/531 * 01 363 158 I n
5853 sys33 536/536 * 01 349 167 I 1
SC-12 (Applied Poleramic Inc.)

Heat deflection temperature (3 tests) - 92.7 0C194.8 °C, 95.0 °c

584 scl21 411 * 01 348 126 I 1
5855  scI2 485 * 01 343 1% I 1
5856  sc123 434 * 01 352 1 I 1
SC-14 (Applied Poleramic Inc.)

Heat deflection tenperature (3 tests) - 80.5 0C, 82.7 0C184.3 °c

5857 scl41 721501 * 01 28 368 I 1
5858 scl42 66.3/46.8 * 01 276 315 I n
5859 scl43 66.3/486 * 01 28& 309 I n
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List of tests omitted from the database list due to testing irregularities, premature buckling, fiber
orientation or gripping problems causing an invalid test.

TEST & WX R 9 E o CYCLES WDTH
SAVPLE STRESS Ga % TO FAIL (M)
ID # MPa and Notes
Al 102A 44 T 0 | 50t
A3 101A 23 T 002 - — | 50tb
Ad 102A 347 — - — | 50t
| 104A % 05 - @— 140 50t
2 106A 1 01 1 - - 155201 S0t
3 106A 3 01 05 - — 210 S0t
4 107A 2 01 1 - — 873 S0t
5 1068 33 - - — 50t
8 101B B 01 05 - - 1860 50t
10 1048 48 01 01 - — 40 50tb
i 1058 20 01 01 - - 160 50t
14 lioB ¥ 01 01 - 480  50tb
19 1158 39 01 01 183 — 180 50t
x 109J 18 - - 26 08 . St
/5 IR 1% 01 5B — - . 50t
7 15X 3 01 5 Bl 14 141 Stb
W IX ¥ 01 5 86 1% 2114 Btb
24 18X 3R B 268 23 | Stb
2 146X 378 B %9 1B | St
26 149X 26 - B 240 12 | Bt
27A 190X 3B B — - -
2B 191X 37 - B - — -
3B 15X 24 10 10 09 074 2000  Btb
a8 2U3PA 2 . 2 1B9  — 7 Bt
B/ 213AA ~ o 5 - - 91520  Btb
68  1BY 246 10 5 - - A Stb
00 1Y 26 10 10 57 107 2% Stb
W 171X M0 2 - — 137 Bt
4 165X S T T - 1B St
0% 17X 30 1 2 14120  Btb

Veterial DDSmdrarderratlnbetV\eentheCI)ard 5
v ¢ =048, thickness =2.92 nm DlSSardDBlZOfabncswmmunmmrmtspeuﬁcatlm

1054 DD3104 792 13 203 2170 2
10665 DD3106 483 01 2 29.0 166 687 2
1056 DD3105 483 01 2 274 176 89 2
1057 DD3103 414 01 5 214 120 1932 2
1088 DD3102 345 01 10 - - 6629 2
1089 DD&101 345 01 10 - - 4909 2
130 DD7130 -448 . 5 - - | 2
1u3 DD7126 -460 . 5 — — | ps)
n3 DD7121 -463 . 5 - | 2
n3} DD7120 -451 . 5 - - | 2
ux DD6127 -310 10 5 - — 84,387 2
1% DD6119 -345 10 5 — - 13297 5
1136 DD6120 -345 10 5 - - 1084 5
137 DD7123 -345 10 0 - — 89,517 5



28
27

165
15

0.66
0.87

TEST & MAX R E
SAMPLE STRESS Sz GPa
ID # MPa
1138 DD7122 345 10 10
1129 DD7125 345 10 5 -
na DD6122 -310 0 %5 -
1150  DD6134 -480 * B
1151 DD6117 461 * i J—
1152  DD6126 379 10 G0 J—
1162  DD7127 -379 10 40 J—
1176  DD6142 425 * B
1177 DD7149 577 * B
1206 DD8107 483 01 5 150
1208 DD8110 44 01 —
122  DDe115 483 01 5 34
1225  DDI105 276 01 5 32
Tests 1690-1692 exhibited buckling dJnng the fatlgue tests.
1600  CHI2147 241 2
1601 CH1214 241 10 5
162  CH12142 241 o . - _
85 ool -166 B
186  OC2® -186 * i J—
187 OCx3 7T <
2020 DI5507 -598 N B3 312
2071 DI5508 -619 B3 30
3938 DDI9A107  -172 0 5 _—
3939  DDI9AIOS  -172 0 4
IMeterial D155D, ViF=0.29, hes fiber wesh and fiber misalignment
137 DI55D201 680 B 252
2138 DI55D205 746 * B 20
2139  DIs5D211 763 * 3 293
2140 D155D210 414 01 I 2%.1
213 DI55HI05 552 01 4 359
214 DISSHIO4 552 0L 2 284
2345 DI55H115 8% * B 37
2769  DI155G308 500 0 5
Veterial 100155 with a gage length of 100 nm(too short)
2567 10D155125 172 01 276
2568 10D155126 172 01 212
2769 DI55G308 500 0 5 -
2785 DO2GL9 690 10 | -
4181 DD25B101 310 01 2 167

END OF DATABASE

and Notes

B ﬁﬁggmmamam R3R3R3 RS B3 B3 % B B3 B B R 1%
g8

RRENHER HERRBRHR
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APPENDIX B

SUMMARY OF I-BEAM TESTS
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AA Material (Triax) Flanges and CH10 Web Material

Beams 6 through 17, 22 and 23 all had Material AA (CDB200 Triax fabric) flanges, V; =
0.42, consisting of a lay up of ((£45°/0°),)s, except for Beams 9 and 10, which had the
lay up reversed ((0°/%45°),)s. The description of the I-beam flange lay up and ply
numbering scheme for these beams is outlined in Tables B1 and B2. The web was CH10
material, ((£45 °),)s with DB240 fabric.

BEAM 6

Beam 6 was tested statically to failure. The beam was loaded under actuator displacement
control at a rate of 0.25 mm/s until failure, which involved a total ramp time of 74
seconds. An initial beam stiffness of 3,711 kN/m was measured. As the beam was loaded,
the compression flange started to twist along the X-axis, prior to final compressive failure
of the compression flange. The total amplitude of this twist was approximated at 6 to 8
mm prior to failure and the onset of this twisting occurred at approximately 90 to 95
percent of the ultimate load. This twisting was also evident in the failed beam as one side
of the beam flange had fragmented +45° strands pointing up, while the other side of the
flange had the fragmented strands pointing down. Figures B1 and B2 show the failed
beam. Further examination of the buckled compression flange indicated that the outside
0° ply (ply 3, Table B1) delaminated first from the adjacent +45° layer (ply 4, Table B1).
This delamination arrested at x = 267 mm, which was evident by the white damage band
in the outside plies at this point. It was not evident where the delamination started. From
this initial arrest at x = 267 mm, the delamination continued to grow towards both inside
compressive load pads at x = 152 mm and x = 464 mm.

The web had multiple delaminations under the initial flange failure site generated after
the flange failure. Some delamination spots are visible at x = 191, 267, 343 and 394 mm,
at the compression flange-web intersection that could be buckling nodal points. No shear
stiffener, torsional stiffener or tension flange damage or delaminatioris were visible. The
load-flange absolute maximum strain graph is shown in Figure B3 and indicates a
maximum tension flange strain of 1.80 percent and a minimum compression flange strain
of -1.6 percent which occurred at an ultimate applied load of 67.08 kN at a maximum
mid-span deflection of 22 mm.
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Table Bl. Ply reference notation for Beams 6 through 9,12 through 17, 22 and 23.

Ply

Ply

number angle

© 0o N o o1 A WS

i =
N P o

+45°
-45°
0e
+45°
SO
0e
0e
-45°
+45°
0e
-45°
+45°

Fabric Description
CDB200
CDB200

Material AA

triax flange, 2.9 mm thick
V£=0.42

CDB200
CDB200

Adhesive Layer Hysol EA 9309.2NA, 0.1 - 0.4 mm thick

-45¢
+45°
-45°

DB240 Web material CHIO
C-channel web flange,
5 mm thick
DB240 V= 0.35

DB240
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Table B2. Ply reference notation for Beams 10 and 11.

Ply
number

© © N o o A w DN

=
N P o

Ply Fabric Description
angle

o)
_45° CDB200
+45°

O [e]

_45° CDB200
+45° Material AA2
triax flange, 2.9 mm thick

+45° Vf=0.42
_45° CDB200

O o
+45°
_45° CDB200

00

Adhesive Layer Hysol EA 9309.2NA, 0.1 - 0.4 mm thick

13
14
15
16
17
18

+45°

_45° DB240 Web material CHIO
. C-channel web flange

45 5 mm thick

-45° DB240 VF= 035

+45°
45 DB240

Triax Flange. Ply 1

Ply 12

WebFlange
T x I-BeamWeb
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Compression flange - top view

Initial delamination
arresting point Failure

Figure BIl. Beam 6.

Figure B2. Beam 6.
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0 |

Compression Flang — .
60 Mex a1Tdii—i /Z
-0 50 /
I Tpt
§ 20 =z Max. Strain = 1.8%
#30 =
Z
< 7 Z
0.0 0.4 0.6 0.8 1.0 1.2 1.4

Absolute Maximum Flange Strain, %

Figure B3. Load versus maximum flange strain,
beam 6, static test.

BEAM?

Beam number 7 was fatigued at a rate of 5 Hz under sinusoidal load control with a
maximum load of 24.5 kN and a minimum load of 2.5 kN. The maximum load produced
an initial maximum tension flange strain of 0.58 percent and a minimum compression
flange strain of -0.56 percent. The initial beam stiffness was measured as 3,398 kN/m.
The tensile flange had two additional strain gages on the flange edges to determine the
strain distribution across the flange. At a static load of 27 kN, the center strain gage
indicated 0.680percent strain, while the edge gages indicated 0.64 percent and 0.63
percent for a combined average strain of 0.65 percent. With the center strain gage directly
over the web and the two other gages on the relatively flexible edges, this strain
distribution is fairly uniform with only a +4 percent change across the flange width.
Initially, the beam was loaded to 32 kN with readings taken from all the strain gages,
including a delta strain gage rosette (00/1200/240°) centered 9 mm ahead of one of the
shear stiffeners on the neutral axis of the beam. The strain rosette (Omega Engineering
Inc. SG-3/350/RY 11) was utilized to determine the nature of the strains ahead of the
stiffener, which was a point of damage on the initial beams (I to 5) and to also aid in
finite element modeling of the beam.

The initial loading versus flange strain graph is shown in Figure B4 and is typical of all
the other triax beams. Both the tension and compression flange indicate the same load-
strain slope. The maximum absolute flange strain versus fatigue cycles is shown in Figure
B5. The stiffness of the beam decreases during the fatigue test due to matrix cracking and
delamination, and under load control, the maximum strain in the beam must increase
during the fatigue test. The apparent increase in actuator amplitude, (maximum stroke
minus minimum stroke), is shown in Figure Bé6 and is typical of all the beams tested. The
initial strain rosette data is graphically shown in Figure B7. The shear stress 9 mm ahead



456

of the shear stiffener was calculated from this data and is shown in Figure B8. The shear
stress is small, but present on the neutral axis of the beam at this point. During the fatigue
test, white spots started to form at random locations on the tension flange. These damage
nucleation locations involved fiber delamination and fiber breakage involving the
stitching cross over points in the fabrics.

As the fatigue test continued, the damage sites increased in size and some damage spots
coalesced to form failure lines. These sites continued to grow until the worst damage site
extended across the tensile flange that caused final failure of the tension flange at 492,147
cycles. The failure site occurred at x = 356 £5 mm and is shown in Figures B9 and BIO.

The flange damage was very localized, while the delamination of the entire flange from
the I-beam preform extended from x = 260 to x = 406 mm and was due to the flange
failure. The delamination in the beam occurred between the +45° (ply 12, Table Bl) and
the adhesive, and between the +45° plies (plies 15,16, Table BI). The failure also caused
delaminations to extend 16 mm down into the shear web. No shear stiffener, torsional
stiffener or compression flange damage or delaminations were visible. The Instron 8501
displacement interlocks were set so that any actuator travel £3 mm above the nominal
fatigue running displacement would stop the fatigue test and limit any post failure
damage from being generated. This procedure was observed for all the beams.

Compression Flang

x Tension Flange

0.2 0.3 0.4 0.5 0.6 0.7 0.9
Absolute Maximum Flange Strain, %

Figure B4. Load versus maximum flange strain, beam 7,
initial loading.
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Tension Flange

0.6
Compression Flange
Cycles
Figure B5. Maximum flange strain, beam 7. initial
loading.
Cycles

Figure B6. Actuator amplitude versus cycles, beam 7.
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2 0.02

-0.02

Applied Four Point Load, kN

Figure B7. Load versus strain for beam 7,
delta strain gage rosette on web.

Applied Four Point Load, kN

Figure B8. Load versus web shear stress for beam 7,
9 mm ahead of shear stiffener.
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Tension flange - top view

Compression flange” Side view 50 mm

Figure B9. Beam 7.

Figure BIO. Beam 7.
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BEAMS

Beam number 8 was fatigued at a rate of 2 Hz with a maximum load of 31.1 kN and a
minimum load of 3.1 kKN. The maximum load produced an initial maximum tension
flange strain of 0.79 percent and a minimum compression flange strain of -0.70 percent.
The initial beam stiffness was measured as 3,499 kN/m. As with Beam 7, white damage
spots were generated on the tension flange during the fatigue test.

At 29,051 cycles, the tensile flange failed and separated at x = 324 + 9 mm, which caused
the flange to delaminate from the preform between x = 255 to x = 368 mm and is shown
in Figures Bl | and B 12. The delamination involved extensive fiber bridging between the
inside flange +45° (ply 12, Table BI) and the adhesive on the preform. This beam was
fatigued at a higher strain than Beam 7 and thus had more internal strain energy stored in
it prior to failure, which is apparent by the amount of damage generated in the web as
compared to Beam 7. The web delamination extended 45 mm from the tension flange and
was located at x - 324 + 44 mm. No shear stiffener, torsional stiffener or compression
flange damage or delaminations were visible.

Tension flange - top view

Delamination-v.

Compression Aangey” 50 mm

Figure BH. Beam 8.

Interior web delamination | Tension flange

Figure B12. Beam 8.
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BEAM 9

Beam 9 involved a static test. The beam was loaded under actuator displacement control
at a rate of 0.25 mm/s until failure, which involved a total ramp time of 43 seconds. An
initial beam stiffness of 3,556 kIN/m was measured. Beams 9 and 10 were constructed
with the 0° plies on the outside (Material AA2) of the flange rather than the +45°
(Material AA). This layup reversal did not significantly affect the stiffness of the beam
when compared to the other beams. It was apparent, after the static test, that there was
substantial fiber waviness in the fabric that caused the beam to fail prematurely. Curved
fiber tows, with a radius of 4 to 5 mm, turned white as they delaminated from the material
around them on both the tension and compression flanges. Figures B13 and B14 show the
failed beam. The ultimate load that the beam held was 59.2 kN and corresponded to a
maximum tension flange strain of 1.78 percent and a minimum compression flange strain
of -1.80 percent. The load versus maximum strain graph is shown in Figure B15. The
buckling failure of the compression flange occurred at two sites: x =260 = 6 mm on the
flange and x = 298 = 10 mm on the preform. Delamination of the flange from the web
flange occurred from x = 203 to x = 419 mm and was between the adhesive layer and 0°
(ply 12, Table B2) ply and also between the 0° (ply 12, Table B2) and -45° (ply 11, 23)
plies. The delamination also heavily affected the web, x =260 mm to x = 356 mm, as the
web delaminated fully between the interior -45° plies and also placed a spot delamination
in the adhesive region on the tension flange. No shear stiffener, torsional stiffener or other
tension flange damage or delaminations were visible.

BEAM 10

Beam number 10 was fatigued at a rate of 1 Hz with a maximum load of 40.0 kN and a
minimum load of 4.0 kN. The maximum load produced an initial maximum tension
flange strain of 1.07 percent and a minimum compression flange strain of -0.97 percent.
The initial beam stiffness was measured as 3,694 kN/m. The initial hysteresis of the beam
is shown in Figure B16. As with Beam 9, the fiber waviness caused premature damage to
be generated on the tension flange. The test was stopped after 1,870 cycles due to the
amount of damage present on the tension flange and the white delaminated regions had
reached both sides of the flange at x = 349 & 13 mm. The beam stiffness was checked
“after the 1,870 cycles and equaled 3,384 kN/m, which was 92 percent of the initial
stiffness. The failure site will probably occur at x =254 + 12 mm due to the amount of
accumulated damage in the 0° plies across the tension flange. No shear stiffener, torsional
stiffener or compression flange damage or delaminations were visible at the end of the
test. The failed beam is shown in Figure B17.
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Tension flange - top view

Side view 50 mm

Figure B13. Beam 9.

Compression flange

Interior web delamination

Figure B14. Beam 9.
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-Ultimate Load = 59.2 kN
-Tension Flange
Max. Strain= 1.78%

Compression Flange -
Max. Strain = 1.80% -

Absolute Maximum Flange Strain, %

Figure B15. Load versus maximum flange strain
beam 9, static test.

| | |
compression Hange-— __

tZ 1Z
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/
Tenston Fitmge™
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Absolute Maximum Flange Strain, %

Figure B16. Initial hysteresis of beam 10.
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Tension side - top view

Side view

Compression flange
50 mm

Figure B17. Beam 10.
BEAM 11

Beam number 11 was fatigued at a rate of I Hz with a maximum load of40.0 kN and a
minimum load 0f 4.0 kN. The maximum load produced an initial maximum tensile
flange strain of 1.08 percent and a minimum compressive flange strain of -0.96 percent.
The initial beam stiffness was measured as 3,436 kN/m. The fatigue test was stopped
after 3,100 cycles to check the stiffness of the beam. The stiffness had decreased to 3,061
kN/m which was 89 percent of the initial stiffness. Figure Bl 8 shows the initial beam
stiffness and the stiffness after 3,100 cycles. The fatigue test was resumed and the beam
failed after 4,620 cycles with a tension flange failure. The maximum flange strain versus
fatigue cycles is shown in Figure B19. The offset in the graph at 3,100 cycles is due to the
unloading of the beam for the stiffness check. Prior to failure, numerous white damage
nucleation sites were evident on the tension flange.

Final failure of the flange occurred at x = 381 £ 17 mm and was very localized with some
tearing of the top +45° plies (ply | and 2, Table B1), which was noticed just prior to final
failure. Delamination of the tensile flange occurred between the polyester matrix and the
+45° ply (ply 13, Table BI) on the web flange with multiple amounts of fiber bridging
and was located at x = 229 to x = 400 mm. Some delamination in the web was present
and was caused by the flange failure. Figures B20 and B21 show the failed beam. No
shear stiffener, torsional stiffener or compression flange damage or delaminations were
visible. The load pads were manufactured as three separate plates that were then
adhesively bonded together to get the required 12 mm load pad height. The upper most
plate of this load pad assembly had partially delaminated in the adhesive interface from
the rest of the pad. It is hypothesized that the adhesive layer was not thick enough to resist
the applied compression loading on these pads. All four pads show the same partial
delamination problem, but this did not influence the beam performance during the test.
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Initial Stiffiiess Check

Xx Stiffiiess Check
...at 3,100 cycles

I Tension Flange Failure at 4,620 Cycles

10 11 12 13 14
Tension Flange Midspan Deflection, mm

Figure B18. Load versus flange midspan deflection,
beam 11.

114
Tersion Rangf Stiffiess Check
at 3,200 cycles

E 1.08

I Compression Flange

Tension Flange Failure at 4,620 Cycles

Cycles

Figure B19. Absolute maximum flange fatigue strain
versus cycles, beam 11.
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Tension flange - top view

> Fatigue damage

Figure B20. Beam 11.

Figure B21. Beam 11.
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BEAM 12

Beam number 12 was fatigued at a rate of 2 Hz with a maximum load of 28.9 kN and a
minimum load of 2.9 kN. The maximum load produced an initial maximum tension
flange strain of 0.73 percent and a minimum compression flange strain of -0.68 percent.
The initial beam stiffness was measured as 3,498 kN/m. As with the other beams,
numerous white damage nucleation spots appeared on the tension flange during the
fatigue test. These damaged areas grew and coalesced until the damage spanned across
the flange.

The final failure site started at one edge of the flange and grew to the other edge. After
30,290 cycles, the beam failed on the tension flange at x = 336 mm and is shown in
Figure B22. The flange delaminated between the adhesive and the +45° ply (ply 12,
Table BI) from x = 279 to x = 394 mm and contained multiple fiber bridging sites. The
tension flange delamination traveled 45 mm into the web directly under the failure site.
Some other minor cracks were evident on the flanges of the preform as the +45 ° fabrics
did not completely fill the C-channel mold, and thus created a matrix rich region on the
flange edge, which cracked and segmented. These cracks were on the order of 10 mm in
length, 5 mm wide and were located over the shear stiffener area of the beam. The load
pads showed the same minor delamination problem as in Beam 11. Both these
manufacturing flaws did not seem to cause any problems with the performance of the
beam during the test. Otherwise, no shear stiffener, torsional stiffener or compression
flange damage or delaminations were visible.

Tension flange - top view

12

Fatigue damage

Figure B22. Beam 12.
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BEAM 13

Beam 13 involved a static test. The beam was loaded under actuator displacement control
at a rate of 0.51 mm/s until failure, which involved a total ramp time of 21 seconds. An
initial beam stiffness of 3,516 kN/m was measured. The ultimate load was 60.72 kN and
corresponded to a maximum tension flange strain of 2.10 percent, a minimum
compression strain of -1.85 percent and a maximum mid-span deflection of 17 mm. The
load versus maximum strain graph is shown in Figure B23. The beam failed in the
compression flange at x = 330 £ 25 mm with delaminations between the 0° (ply 10, Table
B1) and +45 plies (ply 11, 22) over the distance of x = 165 mm to x = 457 mm. The failed
beam is shown in Figures B24 and B25. The failure at x = 330 mm caused the web to
delaminate towards the tension flange under this failure point, causing an additional
delamination spot under the tension flange. No shear stiffener, torsional stiffener or other
tension flange damage or delaminations were visible.

Compression Flange.

NAqv QQiTi = |

A Tension Flange
Max. Strain = 2.10%

Ultimate Load = 60.72 kN
02 04 06 08 | 12 14 16
Absolute Maximum Flange Strain, %

Figure B23. Load versus maximum flange strain,
beam 13, static test.
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Compression flange - top view

Side view e

Figure B24. Beam 13.

Figure B25. Beam 13.
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BEAM 14

Beam number 14 was fatigued at a rate of 5 to 10 Hz with a maximum load of 24.5 kN
and a minimum load of 2.5 kN. The maximum load produced an initial maximum tension
flange strain of 0.59 percent and a minimum compression flange strain of -0.58 percent.
The initial beam stiffness was measured as 3,407 kN/m. The fatigue test was stopped
after 160,000 cycles to check the stiffness, which had reduced to 3,271 kN/m or 96
percent of the initial stiffness. After 389,175 cycles the tension flange failed at x = 248 +
6 mm. The damage started at the edge of the tension flange and grew across the flange
until final failure. The failure caused a delamination from x = 229 mm to x = 394 mm and
was between the +45° ply (ply 16, 22) and the -45° ply (ply 17, Table B1) in the web
flange. Figure B26 shows the failed beam. This delamination extended 10 mm down into
the web. No shear stiffener, torsional stiffener or compressive flange damage or

delaminations were visible.

Tension flange - top view

___— Delamination—___

Compression flange' side view

Figure B26. Beam 14.
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BEAM 22

Beam number 22 was fatigued at a rate of 5 Hz with a maximum load of 31.1 RN and a
minimum load of 3.1 RN. The maximum load produced an initial maximum tension
flange strain of 0.84 percent and a minimum compression flange strain of -0.76 percent.
The initial beam stiffness was measured as 3,637 RN/m. This beam had two acoustic
emission sensors on the tension flange centered at x = 70 and 543 mm and two on the
compression flange centered at x = 178 and 432 mm. The acoustic emission testing was
performed with Dr. Al Beattie from Sandia National Laboratory and will not be discussed
here. This beam showed less white damage sites on the tension flange than the previous
beams during the fatigue test. Final failure occurred on the tension flange at x = 368 £10
mm with a delamination between the +45° ply (ply 11, Table B1) and the -45° ply (ply
12, Table BI). The delamination was between x = 330 and 406 mm and grew 25 mm into
the web. The failed beam is shown in Figure B27. No shear stiffener, torsional stiffener
or compression flange damage or delaminations were visible.

Tension flange - top view
------- - Delamination

P A /

Compression flange' Side view

Figure B27. Beam 22.
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BEAM 23

Beam number 23 was fatigued at a rate of 5 Hz with a maximum load of 28.9 kN and a
minimum load of 2.9 kN. The maximum load produced an initial maximum tension
flange strain of 0.71 percent and a minimum compression flange strain of -0.64 percent.
The initial beam stiffness was measured as 3,542 kN/m. This beam also had two acoustic
emission sensors on the tension flange centered at x = 64 and 543 mm and two on the
compression flange centered at x = 178 and 438 mm. The beam failed in the tensile
flange after 119,995 cycles. The failure site was at x = 318 + 10 mm and created a
delamination between the adhesive and the +45° ply (ply 13, 22) of the preform from x =
292 to x = 356 mm. This delamination extended 18 mm down into the web. The web
flange had a matrix rich region on the edge of the flange between x = 279 and x = 470
mm and had a maximum depth towards the web of 8 mm. The failed beam is shown in
Figure B28. The failure site of the tensile flange was within this matrix rich region and it
is believed that the initial delamination did nucleate at this edge, between the adhesive
and the preform. Although this beam went 89,705 cycles longer than Beam 12, it was
assumed that this had some minor effect on the performance of the test, but not a large
enough effect to be considered a structurally flawed beam. No shear stiffener, torsional
stiffener or compression flange damage or delaminations were visible.

Tension flange - top view

Delamination

Figure B28. Beam 23.
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Beams With Improved Flange and Web Materials
Beams with DD5P Material Flanges and CHIO Web Material
Beams 18 through 21 and 24 through 29 all had DD5P flange material, V= 0.36,
consisting of a lay up of (07£4570°)s. The description of the I-beam flange layup and

ply numbering scheme for these beams is outlined in Table B3.

Table B3. Ply reference notation for Beams 18 - 21 and 24 - 29.

Ply Ply Fabric Description
number angle
I 0° D155
2 +45° DB 120
-45° )

3 50 DD5P flange material,
4 0 D155 2.9 mm thick

5 0° VF=0.36

6 P DB 120

7 +45°

8 0° D155

Adhesive Layer Hysol EA 9309.2NA, 0.1 - 0.4 mm thick

9 +45°

10 _450 DBZ40

1 +45° Web material CHIO

. DB240 C-channel web flange

12 -45 5 mm thick

13 +45° V£=0.35

14 P DB240

Flange, Ply 1
Ply 8

Web Flange jpfr

|# | - Beam Web



474

BEAM 18

Beam number 18 was fatigued at a rate of | Hz under sinusoidal load control with a
maximum load of 62.3 kN and a minimum load of 6.3 kN. The maximum load produced
an initial maximum tension flange strain of 1.42 percent and a minimum compression
flange strain of -1.34 percent. The initial beam stiffness was measured as 4,134 kN/m.
During the fatigue test, it was evident from the 0° fiber bundles delaminating from the
flange surface that the DD5P flange material had been manufactured with a 2° to 3°
angle. This angle caused the 0° edge terminated fibers to delaminate, starting from the
flange edge and growing inward along the fiber bundle axis. This damage was confined to
4 to 6 mm from the flange edges and involved both the tension and compression flanges.
The beam stiffness was checked throughout the test and is summarized in Table B4. As
the fatigue test progressed, the tension flange started to delaminate from the C-channel
between the 0° ply (ply 8, Table B3) and the +45° ply (ply 7, Table B3). This initial
delamination started in the center of the beam and was located directly above the tapered
shear stiffeners, x = 165 mm and x = 457 mm. This delamination grew until the test was
stopped after 9,367 cycles. At this point, the delamination extended from x = 127 mm to
x =571 mm, but had not completely traveled across the width of the flange. The
compression flange had some transverse tensile cracks under the edges of the web and
extended from x = 152 to 457 mm. There was also major flange damage at x = 381 to 432
mm, directly below the tapered shear stiffener, that was 18 mm wide. This damage
involved broken 0 ° on the surface and delaminations throughout the thickness of the
flange. The web had delaminations extending into the shear stiffeners, but otherwise the
center web, x = 215 to x = 394 mm, had no other noticeable damage. One shear stiffener
showed cracking at x =444 +12 mm on the tension flange side and was involved with the
web delamination underneath. The failed beam is shown in Figure B29.

Table B4. Beam 18 Stiffness versus Cycles.

Cycles Stiffness Ratio E/ N
(K), KN/m (K/4,134) N =9,367

0 4,134 I —
1,000 3,714 0.90 0.11
2,000 3,619 0.88 0.21
3,000 3,632 0.88 0.32
4,000 3,659 0.88 0.43
5,000 3,486 0.84 0.53
6,000 3,509 0.85 0.64
8,000 3,428 0.83 0.85

9,367 3,150 0.76 I
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Tension flange - top view Delamination

Compression flange
50 mm

Figure B29. Beam 18.

BEAM 19

Beam 19 involved a static test. The beam was loaded under actuator displacement control
at a rate of 0.05 mm/s until failure, which involved a total ramp time of 208 seconds and
a total mid-span deflection of 13 mm. An initial beam stiffness of 4,245 kN/m was
measured. As with the other static tests, the compression flange twisted prior to final
failure. This twisting was also evident in the failed beam as one side of the beam flange
had fragmented glass 0° and +45° tows pointing up, while the other side of the flange
had the fragmented glass tows pointing down. The compression flange failed at x = 305
+15 mm with multiple delaminations throughout the flange thickness. The compression
flange delaminated between the 0° ply (ply 5, 24) and -45° ply (ply 6, Table B3) from x =
305 to 457 mm. The flange also delaminated between the 0° ply (ply 8, Table B3) and the
adhesive from x = 158 to 305 mm. The failure caused a delamination to travel into the
web and created two spot delaminations on the tension flange in the adhesive layer. One
shear stiffener showed some delamination at its tapered tip. No other shear stiffener,
torsional stiffener or other tension flange damage or delaminations were visible. A
maximum tension flange strain of 1.96 percent and a minimum compression flange strain
of -1.82 percent, which occurred at a ultimate applied load of 89.2 kN, is shown in
Figure B30. The failed beam is shown in Figure B31.

BEAM 20

Beam number 20 was fatigued at a rate of 4 Hz under sinusoidal load control with a
maximum load of 53.4 kN and a minimum load of 5.3 kN. The maximum load produced
an initial maximum tension flange strain of 1.09 percent and a minimum compression
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flange strain o f-1.09 percent. The initial beam stiffness was measured as 4,218 kN/m.
The beam stiffness was checked throughout the test and is summarized in Table B5. The
flanges of the beam showed the same 0° fiber misalignment, 2° to 3°, as in Beam number
18 and affected the edges of the flanges. The beam failed after 94,391 cycles due to the
tension flange delaminating from the C-channel involving the 0° ply (ply 8, Table B3),
the adhesive layer and the £45° ply (ply 9, Table B3). This delamination was located
between x = -75 to 521 mm. Along with the edge 0° fiber delamination, the compression
flange also had transverse tension cracks from x = 178 to 445 mm on the flange located
beneath the outside edge of the web. The web had delaminations extending 25 mm into
the web towards the compression flange. The failed beam is shown in Figures B32 and
B33.

Ultimate Load = 89.18 kN

mCompression Flange
Max. Strain =-1.82%

Tension Flange
Max. Strain= 196%

00 02 04 06 08 10 12 14 16 18 20
Absolute Maximum Flange Strain, %

Figure B30. Load versus maximum flange strain,
beam 19, static test.
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Compression flange

Figure B31. Beam 19.

Table B5. Beam 20 Stiffness versus Cycles.

Stiffness Ratio n/N
(K),kN/m  (K/4,218) N =94,391

0 4,218 I —

Cycles

2,000 4,133 0.98 0.02
10,000 4,009 0.95 011
30,000 3,726 0.88 0.32
50,000 3,522 0.83 0.53
73,000 3,022 0.72 0.77

90,000 2,978 0.71 0.95
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Tension flange - top view

Compression flange
50 mm

Figure B32. Beam 20.

Top of delaminated C - channel preform

X =215 mm x= 158 mm

Cracked resin with
friction marks

' Cracked and delaminated 45°tows

Figure B33. Beam 20.

BEAM 21

Beam number 21 was fatigued at a rate of 2 Hz under sinusoidal load control with a
maximum load of 53.4 kN and a minimum load of 5.3 kN. The maximum load produced
an initial maximum tension flange strain of 1.14 percent and a minimum compression
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flange strain 0 f-0.99 percent. The initial beam stiffness was measured as 4,110 kN/m.
The beam stiffness was checked throughout the test and is summarized in Table B6. This
beam had a edge flaw on the tension flange edge at x = 400 £5 mm and was | mm deep.
This flaw was large enough to start flange delamination from the C-channel between the
0° ply (ply 8, Table B3) and the adhesive. After 23,000 cycles, the flange damage was 13
mm wide and extended from x = 342 mm to 440 mm. The delamination extended towards
the web and 5 mm down into it. The compression flange had some transverse tension
cracks centered about the web. No shear stiffener, torsional stiffener or other compression
flange damage or delaminations were visible. The beam is shown in Figure B34.

BEAM 24

Beam 24 involved a static test. The beam was loaded under actuator displacement control
at a rate of 0.075 mm/s until failure, which involved a total ramp time of 190 seconds and
a total mid-span deflection of 20 mm. An initial beam stiffness of 4,221 kN/m was
measured. The beam had four acoustic emission sensors on the flanges: two on the
tension flange centered at x = 76 and 549 mm, and two on the compression flange
centered at x = 165 and 432 mm. A maximum tension flange strain of 1.93 percent and a
minimum compression flange strain o f-1.77 percent that occurred at a ultimate applied
load of 88.29 kN. As with the other static tests, the compression flange twisted prior to
final failure. This twisting was also evident in the failed beam as both sides of the beam
flange had fragmented glass 0° and +45° tows pointing up. This was a different mode of
buckling than the other beams had shown. The compression flange failed at x = 320 £10
mm with multiple delaminations throughout the flange thickness. The compression flange
delaminated between the Q0 ply (ply 5, Table B3) and -45° ply (ply 6, Table B3) from x =
146 to 437 mm. The failure caused delaminations to travel through the web and into the
tension flange adhesive layer. Transverse tension cracks were present on the tension
flange from x = 250 to 458 mm. The failed beam is shown in Figure B35. No shear
stiffener, torsional stiffener or other tension flange damage or delaminations were visible.

Table B6. Beam 21 Stiffness versus Cycles.

Cycles Stiffness Ratio n/N
(K), KN/m (K/4,110) N =23,000
0 4,110 I _
1,000 3,984 0.97 0.04
1,500 3,943 0.96 0.07
2,000 3,893 0.95 0.09
8,000 3,830 0.93 0.35
15,000 3,811 0.93 0.65
21,000 3,689 0.90 0.91

22,500 3,523 0.86 0.98
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Tension flange - top view

Compression flange

Figure B34. Beam 21.

Tension flange - top view

Compression flange

Figure B35. Beam 24.

50 mm

50 mm
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BEAM 25

Beam number 25 was fatigued at a rate of 2 Hz under sinusoidal load control with a
maximum load of 62.3 kN and a minimum load of 6.2 kN. The maximum load produced
an initial maximum tension flange strain of 1.43 percent and a minimum compression
flange strain o f-1.13 percent. The initial beam stiffness was measured as 4,305 kN/m.
The beam had four acoustic emission sensors on the flanges: two on the tension flange
centered at x = 63 and 533 mm, and two on the compression flange centered at x = 170
and 430 mm. After 7,636 cycles, the compression flange failed at x =229 = 13 mm. A
loud pop was heard one cycle prior to failure and it is suspected that a partial
delamination grew to a point where it compromised the stability of the compression
flange, lowering the strength of the beam to below the maximum fatigue stress. The final
failure of the beam indicates a twisting of the compression flange at failure. The flange
delamination extended from x = 170 to 432 mm and involved all the 0° to 45° interfaces
and the adhesive layer. The delamination traveled into the web towards the tension flange
and created two spot delaminations. Transverse tension cracks were also present on the
tension flange over the web. It is not known if these transverse cracks were present prior
to flange failure. No shear stiffener, torsional stiffener or other tension flange damage or
delaminations were visible. The failed beam is shown in Figure B36.

ComDression flanae/ AFailure

Figure B36. Beam 25.
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BEAM 26

Beam number 26 was fatigued at a rate of 2 Hz under sinusoidal load control with a
maximum load of 57.8 RN and a minimum load of 5.8 RN. The maximum load produced
an initial maximum tension flange strain of 1.22 percent and a minimum compression
flange strain o f-1.05 percent. The initial beam stiffness was measured as 4,355 RN/m.
The beam stiffness was checRed throughout the test and is summarized in Table B7. After
104,407 cycles, the beam failed by compression flange delamination and shear stiffener
failure. Shear failure of the compression flange occurred at x = 133 mm. This was under
the compression flange load pad. The compression flange delaminated between the 0° ply
(ply 8, 24) and the adhesive layer. Delamination of the tension flange above the shear
stiffeners, x = 178 and 428 mm, was noticed at 10,000 cycles and continued to grow until
failure. The beam is shown in Figure B37. All shear stiffeners showed some signs of
delamination from the web.

Table B7. Beam 26 Stiffness versus Cycles.

Cycles Stiffness Ratio n/N
(K), RN/m (K/4,355) N= 104,407
0 4,355 I -
20,000 4,078 0.94 0.19
50,000 3,939 0.91 0.48
60,000 3,919 0.90 0.57
75,000 3,878 0.89 0.72
100,000 3,853 0.89 0.96

Tension flange - top view

L ~ !
Compression flange 50 mm

Figure B37. Beam 26.
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BEAM 27

Beam number 27 was fatigued at a rate of 3 Hz under sinusoidal load control with a
maximum load of 53.4 kN and a minimum load of 5.3 kN. The maximum load produced
an initial maximum tension flange strain of 1.07 percent and a minimum compression
flange strain 0f-1.00 percent. The initial beam stiffness was measured as 4,069 kN/m. As
with the other DD5P beams, two tension flange delamination spots started over the
tapered shear stiffener area, x= 178 and 445 mm. These spots grew during the fatigue test
until the delamination was under a tension flange load pad. After 243,876 cycles, the
tension flange delaminated. The delamination involved the adhesive layer and the
adjacent 0° and 45° plies and was from x = -75 to 483 mm. Some transverse cracks were
present on both the tensile and compression flanges prior to failure. The shear stiffeners
under the delamination show some damage, but it is not known if this was present prior to
failure. The web also has delaminations extending 15 mm down towards the compression

flange. The failed beam is shown in Figure B38.

Tension flange

Transverse tension cracks
. 50 mm
Compression flange

Figure B38. Beam 27.
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BEAM 28

Beam number 28 was fatigued at a rate of 5to 12 Hz under sinusoidal load control with a
maximum load of 44.5 kN and a minimum load of 4.4 kN. The maximum load produced
an initial maximum tension flange strain of 0.86 percent and a minimum compression
flange strain 0 f-0.85 percent. The initial beam stiffness was measured as 4,142 kN/m.
Tension flange delamination spots started to develop over the tapered shear stiffener area,
X = 178 and 445 mm, after approximately 600,000 cycles. After 2,000,000 cycles, the
beam was stopped and the only damage present was the delamination between the tension
flange and the adhesive layer. This is shown in Figure B39. The compression flange has
two transverse tension cracks, X =406 to 445 mm extending under the load pad. No shear
stiffener, torsional stiffener or other flange damage or delaminations were visible.

Tension flange - top view

Tension flange m

Compression Aangez
50 mm

Figure B39. Beam 28.
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BEAM 29

Beam number 29 was fatigued at a rate of 4 Hz under sinusoidal load control with a
maximum load 0f 48.9 RN and a minimum load of 4.9 RN. The maximum load produced
an initial maximum tension flange strain of 0.92 percent and a minimum compression
flange strain 0 f-0.96 percent. The initial beam stiffness was measured as 4,100 RN/m.
Kapton film was placed between the strain gages and the flanges in hopes of preventing
the matrix cracRs from traveling into the strain gages. The traveling was not stopped and
the gages failed after 4,000 cycles. No significant improvement in strain gage lifetime,
with the Kapton film, was observed. The beam was stopped after 815,684 cycles prior to
beam failure. At this point the tension flange delamination extended between the 0° ply
(ply 5, Table B3) and the -450ply (ply 6, Table 4), x = 0to 115 mm, and between the
adhesive and the 0°ply (ply 8, Table B3), x = 115 to 260 mm. The compression flange
showed three small transverse tensile cracRs but otherwise no other damage. The beam is

shown is Figure B40.

Tension flange - top view

Strain gage with Kynar 50 mMm
Compression flange

Figure B40. Beam 29.



486
Beams with DD5P Material Flanges and CH3 Web Material
Beams 30, 31, 32 and 33 had a stiffer web, CH3 versus CH10, to try to eliminate the
tension flange from delaminating from the I-beam preform. The description of the I-beam

flange lay up and ply numbering scheme for these beams is outlined in Table B8 below.

Table B8. Ply reference notation for Beams 30, 31, 32 and 33.

Ply Ply Fabric Description
number angle
I 0° D155
2 +45° DB 120
0O
3 = DD5P flange material,
4 0° D155 2.9 mm thick
5 0° V£=0.36
6 -45° DB 120
7 +45°
8 0° D155
Adhesive Layer Hysol EA 9309.2NA, 0.1 - 0.4 mm thick
9 +45° _
10 450 DB240 Web material CH3
. I-shape
n 0 D155 3 mm thick
12 +45° V£=0.35
13 -45° DB240
Flange, Ply |
- - -t#
"Ply 8
__ _Ply9

WebFlange VX
N | - Beam Web
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BEAM 30

Beam number 30 was fatigued at a rate of 2 Hz under sinusoidal load control with a
maximum load of 62.3 RN and a minimum load of 6.2 RN. The maximum load produced
an initial maximum tension flange strain of 1.20 percent and a minimum compression
flange strain 0f-1.05 percent. The initial beam stiffness was measured as 4,345 RN/m.
The beam had four acoustic emission sensors on the flanges: two on the tension flange
centered at x = 64 and 533 mm, and two on the compression flange centered at x = 178
and 432 mm. After 5,741 cycles, the test was stopped as the failure mode was identical to
Beam number 26. The shear stiffeners had delaminated and the compression flange had a
shear failure through its thicRness at x = 120 mm, under a compression flange load pad.
The shear stiffener had a cracR at x = 120 mm, which was the start of the stiffener taper,
30 mm up towards the tension flange. The compression flange had a few transverse
tension cracRs. The tension flange had started to delaminate over the shear stiffeners. No
torsional stiffener or other tension flange damage or delaminations were visible. The

failed beam is shown in Figures B41 and B42.

Tension flange - top view

Compression flange 50 mm

Figure B41. Beam 30.
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Side view

50 mm

Figure B42. Beam 30.

BEAM 31

Beam number 31was fatigued at a rate of 4 Hz under sinusoidal load control with a
maximum load of 53.4 RN and a minimum load of 5.3 RN. The maximum load produced
an initial maximum tension flange strain of 1.92 percent and a minimum compression
flange strain o0 f-0.89 percent. The initial beam stiffness was measured as 4,764 RN/m.
The stiffness was also checRed after a power outage at 796,633 cycles, 4,170 RN/m and
after 2,030,240 cycles 3,248 RN/m. The test was stopped after 2,030,240 cycles. After
these cycles 3 of the shear stiffeners had started to delaminate from the web and the
tension flange had delaminated from the C-channel between x = 25 and 280 mm. There
was also web delamination damage at x = 195 mm that extended down from the tension
flange into the tapered shear stiffener area. The compression flange also had multiple
transverse tension cracRs under this shear stiffener area. The beam is shown in Figure
B43.

Tension flange - top view

Compression flange 50 mm

Figure B43. Beam 31.
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BEAM 32

Beam number 32 was fatigued at a rate of 5 Hz under sinusoidal load control with a
maximum load of 53.4 kN and a minimum load of 5.3 kN. The maximum load produced
an initial maximum tension flange strain of 0.86 percent and a minimum compression
flange strain 0f-0.73 percent. The initial beam stiffness was measured as 4,639 kN/m.
The beam stiffness was checked throughout the test and is summarized in Table B9. The
fatigue test was stopped after 783,153 cycles. Like Beams 26 and 30, this beam started to
have the same failure mode. The compression flange has sheared through the thickness at
x =127 mm under a compression flange load pad at the edge of the torsional stiffener.
The compression flange did not have any visible transverse tension cracks. The only other
damage on the beam was the spot delaminations on the tension flange over the shear
stiffeners. The beam is shown in Figure B44.

Table B9 Beam 32 Stiffness versus Cycles.

Cycles Stiffness Ratio n/N
(K), KN/m (K/4,639) N =783,153
0 4,639 | -

5,000 4,231 0.91 0.01
10,000 4,149 0.89 0.01
15,000 4,161 0.90 0.02
20,000 4,180 0.90 0.03
65,000 3,863 0.83 0.08
75,000 3,844 0.83 0.10
85,000 3,869 0.83 0.11
250,000 3,823 0.82 0.32

Figure B44. Beam 32.
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BEAM 33

Beam number 33 was fatigued at a rate of 4 Hz under sinusoidal load control with a
maximum load of 53.4 kKN and a minimum load of 5.3 kN. The maximum load produced
an initial maximum tension flange strain of 0.94 percent and a minimum compression
flange strain 0f-0.93 percent. The initial beam stiffness was measured as 4,606 kN/m.
The beam stiffness was checked throughout the test and is summarized in Table BIO. The
beam was stopped after 3,200,000 cycles. Although the beam had not failed, there was
some tension flange delamination, three spots, which were growing and extended down
into the C-channel at x = 318 mm. The compression flange had some minor transverse
tension cracks. The beam is shown in Figure B45.

Table B10. Beam 33 Stiffness versus Cycles.

Cycles Stiffness Ratio n/N
(K), KN/m (K/ 4,606) N = 3,200,000
0 4,606 | -
200,000 4,184 0.91 0.06
300,000 4,215 0.92 0.09
500,000 4,150 0.90 0.16
3,200,000 3,873 0.84 I

Figure B45. Beam 33.
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Beams With DD5P Material Flanges With CH12 Material Webs

Although the tension flanges were still delaminating from the web flange, Beams 34 and
35 had their fiber volume reduced to 0.34, CH12 material, with the same (x450/00/+450)2
layup as the previous beams. This fiber volume showed promising fatigue response in
standard coupon tests.

Beam 34

Beam 34 involved a static test. The beam was loaded under actuator displacement control
at a rate of 0.075 mm/s until failure, which involved a total ramp time of 65 seconds and
a total mid-span deflection of approximately 8 mm. An initial beam stiffness of 4,990
kN/m was measured. The beam had two additional strain gages on the compression
flange edges, both top and bottom of the flange. This was done to determine when the
flange starts to buckle. The beam was loaded statically to 60 kN three times before the
actual static test. The initial load - flange absolute maximum strain graph is shown in
Figure B46 and shows the two standard strain gages on the center of the tension and
compression flanges. Figure B47 shows the two compression flange edge gages, back-to-
back, which indicates that the onset of buckling in this beam occurs at approximately 75
kN or 1.4 percent strain. The third load-up involved the static test and indicated a
maximum tension flange strain of 1.92 percent and a minimum compression flange strain
0f-1.69 percent that occurred at a ultimate applied load of 83.22 kN. The failure
occurred on the compression flange at x = 292 £ 20 mm. The compression flange had
transverse tension cracks and multiple delaminations between x = 150 and 457 mm. The
delaminations extended through the web and into the adhesive layer on the tension flange,
producing a delamination from x = 178 to 381 mm. The failed beam is shown in Figures
B48 and B49.

Figure B46. Absolute flange strain versus load, initial
four point loading, beam 34.
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Figure B47. Load versus compressive flange strain,
beam 34.

Tension flange - top view

/Delaminationx

Strain gage-~/ |/
Compression flange

Figure B48. Beam 34.

50 mm
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Delamination® __50jTini

Figure B49. Beam 34.

BEAM 35

Beam number 35 was fatigued at a rate of 2 Hz under sinusoidal load control with a
maximum load of 62.3 RN and a minimum load of 6.3 RN. The maximum load produced
an initial maximum tension flange strain of 1.04 percent and a minimum compression
flange strain 0f-1.02 percent. The initial beam stiffness was measured as 4,347 RN/m.
The compression flange delaminated from x = -75 to 458 mm, after 9,771 cycles. The
delamination of the flange caused the web to fail at x = 190 mm with delamination in the
web from x = 178 to 267 mm. There were two spot delaminations on the tension flange,
caused by the failure, at x = 190 to 356 mm. The failed beam is shown in Figures B50 and
B51.

Tension flange - top view

Delamination Compression flange 5@ mm

Figure B50. Beam 35.
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Figure B51. Beam 35.

DD5P Material Flanges with DD5P Web Material

Beams 51 through 55 were manufactured with both the flange and web consisting of
DD5P material. This was done to increase the stiffness and fatigue response of the web.
Beam 53 was tested first, which resulted in a shear stiffener failure. It was therefore
necessary to increase the stiffener reinforcement under the load pads to handle the
increased loads. The ply lay-up and numbering scheme is shown in Table BI I.

BEAM 51

Beam number 51 was fatigued at a rate of 6 Hz under sinusoidal load control with a
maximum load of 53.4 RN and a minimum load of 5.3 RN. The maximum load produced
an initial maximum tension flange strain of 0.76 percent and a minimum compression
flange strain 0 f-0.75 percent. The initial beam stiffness was measured as 4,867 RN/m.
The beam was stopped after 3,000,000 cycles with no significant change in stiffness and
no major damage. Figure B52 shows the only noticeable damage on the beam, transverse
tension cracRs on the compression flange. Figure B53 shows the additional shear stiffener
material that was added to the beam.

BEAM 52

Beam number 52 was fatigued at a rate of 3 Hz under sinusoidal load control with a
maximum load of 62.3 RN and a minimum load of 6.2 RN. The maximum load produced
an initial maximum tension flange strain of 0.93 percent and a minimum compression
flange strain 0 f-0.89 percent. The initial beam stiffness was measured as 5,145 RN/m.
Initially the compression flange showed no evidence of bucRling, but after 16,000 cycles,
it was noticed that the compression flange had a small localized bucRling node at x = 395
mm that was present on only one flange edge. This node, or area of increased localized
displacement, did not change until the failure of the beam after 62,843 cycles. The
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compression flange failed at x = 395 mm, the node, with multiple delaminations in the
preform and flange. The compression flange delaminations extended from x = 200 to 460
mm and were between the 0°ply and adjacent 45° plies throughout the flange and
preform thickness. This delamination also traveled into the web. The failed beam is
shown in Figure B54.

Table BH. Ply reference notation for Beams 51 through 55.

Ply Ply Fabric Description
Number Angle
I 0° D155
2 +45° DB 120
3 -45° DD5P flange material,
4 0° D155 2.9 mm thick
5 0° V= 0.36
6 -45° DB 120
7 +45°
8 0° D155
Adhesive Layer Hysol EA 9309.2NA, 0.1 - 0.4 mm thick
9 0° D155 DD5P web material
o I-shape
+45 DB240 i
10 . 3 mm thick
n 49 V=0.36
12 0° D155
Ply 1
Ply 8

Adhesive layer
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Compression flange

Figure B52. Beam 51.

Figure B53. Additional shear stiffener material.

Compression flange

50 mm

Figure B54. Beam 52.
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BEAM 53

Beam number 53 was fatigued at a rate of 3 Hz under sinusoidal load control with a
maximum load of 62.3 kN and a minimum load of 6.2 kN. The maximum load produced
an initial maximum tension flange strain of 0.94 percent and a minimum compression
flange strain o f-0.89 percent. The initial beam stiffness was measured as 4,901 kN/m.
The beam was stopped after 8,700 cycles due to a shear stiffener and web failure inside
the shear loading area of the load pads. This damage is shown in Figure B55. Due to this
failure, additional stiffener material was added to the other beams (51,52 and 54) tested

at this or higher loads.

Compression flange
/Load pad

Figure B55. Beam 53.
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BEAM 54

Beam number 54 was fatigued at a rate of 4 Hz under sinusoidal load control with a
maximum load of 62.3 kN and a minimum load of 6.2 kN. The maximum load produced
an initial maximum tension flange strain of 0.88 percent and a minimum compression
flange strain 0-0.88 percent. The initial beam stiffness was measured as 4,951 kN/m.
The compression flange showed no evidence of buckling throughout the test. The beam
failed after 2,744,704 cycles with a web and shear stiffener failure shown in Figure B56.

Figure B56. Beam 54.
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BEAMS WITH STRUCTURAL DETAILS
Beams With Holes In AA Material (Triax) Flanges

To study the effects of severe flaws in flanges, 13 mm diameter holes were drilled on 102
mm centers along the length of each flange, through the flange thickness. This geometry,
shown in Figure B57, included two holes on the compression flange and four holes on the
tension flange. The holes were drilled into the flanges prior to the adhesive bonding to the
preform. This was done to ensure that no damage was initiated in the web. Therefore, the
flange hole penetrated the flange thickness, but stopped at the adhesive layer above the
web flange. The tension flange had four-13 mm diameter holes located at x = 152, 254,
365 and 457 mm on the center line ofthe flange (y = 0). The compression flange had two
-13 mm diameter holes at x = 254 and 356 mm. The web was CHIO Material, as in the

foregoing series.

Load pad x= 152 mm x =356 mm X =610 mm

Tension flange
x=0mm X =254 mm X =458 mm

Side view

13 mm diameter holes

X=252 mm x =356 mm .
Compression flange

Figure B57. Beams 15,16 and 17 flange geometry.
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BEAM 15

Beam number 15 was fatigued at a rate of I Hz under sinusoidal load control with a
maximum load of 31.1 kN and a minimum load of 3.1 kN. The maximum load produced
an initial maximum tension flange strain of 0.83 percent and a minimum compression
flange strain of -0.78 percent, both measured between hole locations. The initial beam
stiffness was measured as 3,260 kN/m. The stiffness was checked after 2,163 cycles and
was 3,064 kN/m or 94 percent of the original stiffness. The tension flange had two strain
gages: one in the center of the flange and another at the edge. During the initial load up, at
18 kN, the center gage indicated 0.419 percent strain, while the edge gage was 0.429
percent, which is no significant difference. During the fatigue test, damage started to
develop at all the holes and grew until it reached the edge of the flange. The beam failed
after 2,772 cycles, in compression with the compression damage at x = 254 mm. Multiple
delaminations between the 0° and +45° plies from x = 229 to x = 286 mm were also
present. The compression flange failure and delamination caused an additional
delamination to travel into the web at x = 244 to x = 279 mm. The failed beam is shown
in Figure B58. No shear stiffener, torsional stiffener damage or delaminations were

visible.

Tension flange - top view

Figure B58. Beam 15.
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BEAM 16

Beam number 16 was fatigued at a rate of 5 Hz under sinusoidal load control with a
maximum load of 24.5 kN and a minimum load of 2.5 RN. The maximum load produced
an initial maximum tension flange strain of 0.58 percent and a minimum compression
flange strain 0 f-0.53 percent. The initial beam stiffness was measured as 3,340 kN/m.
During the fatigue test, damage started at the outside edges of the holes and continued to
grow until failure after 40,448 cycles. The beam failed on the tension flange at x = 356 +
13 mm with the underlying delamination between x = 325 to x = 394 mm. This
delamination also traveled 25 mm down into the web. Prior to failure, the web had a large
number of 1.0 to 1.5 mm long tensile cracks, all located at stitching cross over points.
Although these small cracks probably did not have any influence on the failure, it is still
disconcerting that every stitch cross-over point on the tension side of the neutral axis had
a crack. Some minor delamination damage was present on the tension flange around the
holes. No shear stiffener, torsional stiffener damage or delaminations were visible. The
failed beam is shown in Figures B59 and B60.

Tension flange - top view

Compression flange

Figure B59. Beam 16.
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Tension flange - top view

Damage initiation Strain gage AFailure

Figure B60. Beam 16.

BEAM 17

Beam 17 was tested statically to failure. The beam was loaded under actuator
displacement control at a rate of 0.05 mm/s until failure, which had a total ramp time of
196 seconds. An initial beam stiffness of 3,350 kN/m was measured. The beam had a
total of six strain gages, with three on the tension flange and three on the compression
flange. At 18 kN, the tension flange indicated a center strain of 0.33 percent while the two
edge gages indicated 0.42 percent and 0.42 percent. The compression flange center gage
indicated -0.37 percent and the two edge gages indicated -0.39 percent and -0.37 percent.
The difference in strain from the center, where the flange is discontinuous, and the edge is
more pronounced than the strains recorded from Beam 15. As the beam was loaded, the
compression flange did not appear to twist as in the other beam static tests. The load-
flange absolute maximum strain graph is shown in Figure B61, indicating a maximum
tension flange center strain of 1.30 percent and a minimum compression flange center
strain 0 f-1.08 percent. These strains occurred at a ultimate applied load of 47.0 kN at a
maximum mid-span deflection of 15 mm. The failed beam is shown in Figure B62. The
compression flange failed at x = 260 £15 mm and created a flange delamination from x =
178 to x = 419 mm. The delamination was between the 0° ply (ply 10, Table Bl) and
+45° ply (ply 11, Table BI). This delamination traveled up towards the tension flange
and produced a spot delamination at the tension flange hole. The second hole on the
compression flange had a 12 mm delamination going towards the edge, but the damage at
the other hole produced the flange failure first.
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Figure B61. Load versus maximum flange strain, beam 17, static test.

Tension flange - top view

Figure B62. Beam 17.
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DD27 Material Flanges Cwith balsa wood) and CH12 Web Material

Beams 58 and 59 involved 6 mm thick balsa wood, Baltek AL600, inthe DD5P flange
material to simulate actual wind turbine lay-up configurations. The ply lay-up and
numbering scheme is listed in Table B12. The balsa wood core was replaced with £45°
ply DB400 under the load pads to prevent crushing damage.

BEAM 58

Beam number 58 was fatigued at a rate of | Hz under sinusoidal load control with a
maximum load of 62.3 kN and a minimum load of 6.2 kN. The maximum load produced
an initial maximum tension flange strain of 0.97% and a minimum compression flange
strain 0-1.00%. The initial beam stiffness was measured as 5,341 kN/m. The
compression flange failed after 230 cycles. The fiberglass plies delaminated from the
balsa wood from x = 160 to 410 mm. This was a buckling induced compression flange
failure. It is a possibility that the load pad / balsa wood core drop area influenced the
failure. The failed beam is shown in Figure B63.

BEAM 59

Beam number 59 was initially fatigued at a rate 0f 4 Hz under sinusoidal load control
with a maximum load of 35.6 kN and a minimum load of 3.6 kKN. The maximum load
produced an initial maximum tension flange strain of 0.58% and a minimum compression
flange strain 0 f-0.59%. The initial beam stiffness was measured as 5,512 kN/m. The
beam was stopped after 1,000,000 cycles with no major noticeable damage. At this point
the fatigue load was increased to a maximum load of 44.5 kN/m and a minimum load of
4.4 kKN/m. This resulted in a maximum strain of 0.75% and a minimum strain o f-0.75%.
The compression flange failed after 88,993 cycles. The compression flange appeared to
be sheared off at the edge of the load pad, which then delaminated from the balsa wood
core from x = 160 to 350 mm. The delamination traveled into the web and produced two
spot delaminations on the tension flange. The failed beam is shown in Figure B64.
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Table B12. Ply reference notation for Beams 58 and 59.

Ply Ply Fabric Description
number angle
I 0° D155
2 +45° DB 120
3 ~xXs°
4 0° D155
6 mm balsa wood core
5 0° D155
6 3 DB 120
7 +45°
8 0° D155
Adhesive layer Hysol EA 9309.2NA, 0.1 - 0.4 mm thick
9 +45° DB240
10 _45° Material CH12
. I-shape
n 0 D155 5 mm thick
12 ° DB240 V£=0.37
13 +45°
Flange [IPiy i
HE|
Ply 8

—Adhesive layer
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Figure B67. Beam 58

Compression flange

Compression flange Failure
50 mm

Figure B68. Beam 59
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