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SECTION I

INTRODUCTION

The objective of this program was the structural evaluation
of high strain fiber and resin composite material systems. The
objective was to develop a combined analytical and experimental
procedure for performing a structural evaluation, then use it
to evaluate the effects of recently developed higher strain
fibers and resin systems on strength, durability, and damage
tolerance of advanced carbon/epoxy composite material systems.
Testing included evaluation of basic lamina properties, static
and fatigue testing of laminates with and without stress
concentrations, evaluation of tolerance to low energy impact
damage, and static and fatigue testing of a multifastener
metal-to-composite splice joint. Included in the structural
evaluation were analytical methods to predict unnotched and
notched laminate strength and mode of failure based on
unidirectional ply mechanical properties.

Program activities to accomplish these objectives were
organized into three tasks. Under Task I - Technology
Assessment and Evaluation Procedure Development, a review was
conducted of data available on current and developmental higher
strain fiber and resin composite materials to identify systems
for evaluation. A procedure was developed detailing tests,
test methods, and analysis methods required to conduct a
structural evaluation.

During Task II - Test Program, an experimental program was
formulated to demonstrate and complement the evaluation
procedure. The test program covered three levels of structural
evaluation: basic lamina properties, laminate design
properties, and test of a multifastener composite-to-metal
splice joint. Four high strain fiber and resin composite
material systems were evaluated using results from 254 static
and fatigue coupon tests.

In Task III - Theory/Test Correlation, test results from
Task II were correlated with analytical predictions of laminate
stiffness, strength, and mode of failure. Analytical
procedures for predicting laminate unnotched and notched static
tension and compression mechanical behavior are described.
Data trends are discussed relative to fatigue life,
accumulation of hole elongation with fatigue, and mode of
failure. Limitations in the test and analysis procedures are
presented.

% 1



SECTION II

SUMMARY AND CONCLUSIONS

A structural evaluation procedure was developed which
identifies experimental and analytical approaches for providing
early insight into the structural performance of high strain
fiber and resin composite material systems. In demonstrating
the evaluation procedure, a data base was established on four
high strain fiber and resin material system combinations.
Analytic methods were demonstrated which permit analysis of
structural laminates, with and without stress concentrations,
with minimal test data. Fatigue life data for bolted joint
structures was developed for comparison with established
AS-1/3501-6 data bases.

Under Task I - Technology Assessment and Evaluation
Procedure Development, a review of data available on current
and developmental high strain fiber and resin composite
material systems identified four fiber/resin material system
combinations for test in demonstrating the structural
evaluation procedure. Selected as the baseline resin system
was 3501-6, for which an extensive data base of AS-1/3501-6
carbon/epoxy material property data exists (References 1, 2).

*' The resin system Cycom 907 was selected as a state-of-the-art
tough epoxy; Cycom 1808 and Narmco 5245C were selected as
systems with improved toughness and 250°F hot/wet service
temperature capability. These four resin systems were

Ai evaluated in combination with the high strain (18,000 p in/in)
Union Carbide T-700 carbon fiber.

An experimental program was defined to obtain basic lamina
data, laminate notched and unnotched mechanical properties, and
dc.ta for a multifastener structural splice joint. Emphasis was

* placed on demonstrating analytic and experimental procedures
for conducting a structural evaluation.

Under Task II - Test Program and Task III - Theory/Test
Correlation, three levels of testing and analysis were
conducted, evaluating basic lamina data, laminate design
properties, and a multifastener metal-to-composite splice
joint. A total of 254 tests were conducted; 198 static and 56
fatigue. In the first level of evaluation unidirectional 00
tension, 00 compression, 900 tension, and intralaminar
shear mechanical properties were determined. Mechanical
properties were determined for both room temperature/dry (RTD)
and elevated temperature/wet (ETW) environmental conditions.
Mode I fracture toughness of all four resin systems was
determined.

in the second level of evaluation, unnotched and notched
laminate static and fatigue tests were conducted, providing

2



experimental data for methodology verification and to identify
. trends in fatigue life and in accumulation of hole elongation

with fatigue. Two layups were used in this evaluation: a
10/80/10 (percent of 0 /±450/9 00 plies) matrix dominated
layup and a 50/40/10 fiber dominated layup. Tests were
conducted under both RTD and ETW environental conditions.

Static tension and compression tests were conducted for
both unnotched and notched laminates. Unloaded hole and loaded
hole tests were conducted in evaluation of notched laminate
strength.

Initial verification of analysis was obtained by
correlating strength and stiffness predictions with data
obtained from unnotched specimens. Predictions of laminate

strength weze accurate to within 7 percent using unidirectional
ply mechanical properties and the Tsai-Hill failure criterion.
Laminate strength predictions using unidirectional allowables
and a maximum stress failure criterion were generally
unconservative.

Analyses were further verified by correlating strength
predictions with data obtained from specimens with a single
unloaded fastener hole. The "Bolted Joint Stress Field Model
(BJSFM) (Reference 1) was used for strength predictions. This
method is based upon anisotropic theory of elasticity and
classical laminated plate theory to obtain laminate stress
distributions, and a characteristic dimension (Rc) failure
hypothesis. Test data requirements are minimized by extending
the characteristic dimension failure hypothesis to a ply-by-ply

- analysis in conjunction with known material failure criteria.
Unidirectional (lamina) stiffness and strength data are used
with an empirical value of Rc to predict stress
distributions, critical plies, failure location, and failure
load. From results of theory/test correlation with a 50/40/10
layup, strength of a 10/80/10 layup was predicted within 6
percent using the characteristic dimension failure hypothesis.
Value of the characteristic dimension was dependent upon
material system.

Tests were performed to provide data on laminate unloaded
hole and loaded hole fatigue life performance, accumulation of
hole elongation with fatigue, and failure mode behavior.$ Constant amplitude fatigue tests were conducted for the fiber
dominated 50/40/10 layup. Tension-compression (R = -1) and
compression only (R = -- ) cyclic loadings were used to

establish a material data base and identify trends. The
approach was to test specimens to laminate rupture or to a
point of excessive hole elongation, even though there were
conditions when high stress level.s were required to prevent
long lives due to the excellent fatigue characteristics of
advanced composites.

3



Tolerance to low energy impact induced damage was evaluated
nondestructively, inspecting damage size after impact, and by
residual compression strength after impact. Both fiber and
matrix dominated layups were used in this evaluation; effect of

, low energy impact on damage size and on reduction of
"s compression strength was independent of layup. For the level

of impact energy selected, compression strength for the Cycom
907 resin system was reduced by 37 percent; strength for both
the Cycom 1808 and 5245C resin systems was reduced by 62
percent.

In the third level of evaluation, a multifastener
metal-to-composite splice joint was tested both statically and
in fatigue. Analytical methods were demonstrated to predict
laminate strength under combined bearing and bypass loading.

".:,
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SECTION III

BACKGROUND

Much of the current work in developing higher strain fiber
and resin composite material systems has been to evaluate
fiber/resin combinations for specific property improvements,
such as low energy impact damage tolerance or fracture
toughness. There has been little effort to identify the effect
these systems may have on unnotched and notched laminate
strength, durability under fatigue loading, failure mechanisms,
and the ability of current analysis methods to predict such
behavior. Physical properties necessary for improving laminate
structural performance are generally agreed upon, however no
single evaluation has accounted for the effect of these
properties over a wide range of structural properties (e.g.
unnotched and notched tension and compression strength and
durability, failure mechanisms, toughness, low energy impact
damage tolerance, etc.). This program provides an experimental
and analytical procedure for determining such effects early in
a material system development.

1. MATERIAL SYSTEMS SELECTION

The high strain fiber and toughened epoxy resin systems
evaluated in this program were selected based on an evaluation
of key mechanical properties relative to properties of current
carbon/epoxy material systems. Test data available from
.industry literature and material suppliers was used in the
material evaluation and selection. All data was compared with
production carbon/epoxy systems; used for baseline comparison
were AS-1/3501-6 and AS-4/3501-6 systems.

Summarized in Figure 1 are properties of carbon fibers
considered for evaluation in this program. These fibers all
have moduli of approximately 35 msi; candidate high strain
fibers have 18,000 p inch/inch strain capability and include
Union Carbide T-700, Hercules AS-6, and Celanese Celion ST.
The high strain Union Carbide T-700 fiber was selected and used
for all tests.

The selection of high strain, toughened resin systems for
test with the T-700 fiber was based on an evaluation of neatresin strength, strain to failure and strain energy. A

graphical presentation of the resin evaluation and selection
procedure is shown in Figure 2 (Reference 3). Strength and
moduli axes are normalized with respect to a baseline material
strength, SO, and modulus, E0 . Four parameters are used to
define upper and lower bounds for the region where overall
composite structural efficiency improvements are expected.
Thes- parameters are normalized resin tensile strength,
normalized resin strain energy, normalized resin strain to

5
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failure and normalized resin modulus. These normalized
resin-related parameters bound the resin properties which
result in improvements in laminate transverse strength,
transverse modulus, strain energy (toughness) and matrix
cracking.

Using this resin evaluation procedure, increasing the resin
strength relative to a baseline is predicted to increase lamina
transverse strength and interlaminar shear strength.
Increasing the resin strain energy (toughness) increases
laminate low energy impact resistance.

Global matrix cracking is controlled by resin strain

allowables. Cyclic loading of laminates above the matrix
cracking strain level is associated with rapid decrease in
fatigue life, therefore composite durability is predicted to
increase for resin systems with higher strain-to-failure.

The bound on composite material compressive performance is
dictated by resin modulus. Longitudinal compression properties
are improved with higher resin modulus due to greater fiber
stabilization. Potentially, large benefits may be gained in
toughness but at the expense of lower resin system modulus,

2 -' resulting in lower longitudinal compression strength compared
'- to the baseline material.

Previous work (Reference 4) has investigated these
relationships between neat resin tensile stress-strain
mechanical properties and their effect on impact damage
tolerance and unidirectional compression strength, verifying
this evaluation procedure. Based on this type of evaluation
four resin systems were selected for test: (1) 3501-6, (2)
Cycom 907, (3) Cycom 1808, and (4) 5245C. Typical neat resin
tensile stress-strain test results for 3501-6, Cycom 907, and
5245C (Reference 5) are shown in Figure 3. A common
characteristic of the tougher resin systems is their greater
ductility and strain to failure compared to the currently used
3501-6 epoxy. However, the tougher resins have a lower modulus
and would therefore be predicted to produce lower longitudinal
compressive strengths

Final selection of the four resin systems was based on
SIe.mechanical properties, processibility, and availability with

the T-700 fiber in prepreg form. The 3501-6 resin system was
selected for baseline comparison, for which an extensive data
base of mechanical properties exist (References 1, 2) with AS-I
fibers. This epoxy resin has relatively high stiffness
properties, but low toughness. The Cycom 907 system was
selected for test since it represented a state-of-the-art

* toughened epoxy resin. Cycom 1808 and 5245C resin systems were
selected for their improved toughness and also for their
retertion of mechanical properties in elevated temperature/wet
operating environments.

4, 7
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SECTION IV

STRUCTURAL EVALUATION: TEST AND ANALYSIS

The objective of the test program was to provide
experimental data t; describe unidirectional (lamina)
mechanical properties, verify analytic predictions of notched
and unnotched laminate stiffness and strength, and identify
trends in fatigue durability and low energy impact damage
tolerance.

1. TEST PLAN - In this program, a total of 198 static tests
and 56 fatigue tests were performed, under both ambient and
hot/wet environmental conditions. Tests were conducted to
determine:

o unidirectional material properties
o resin interlaminar fracture toughness
o unnotched laminate static tension and compression

strength
o unloaded hole laminate static tension and compression

strength
o loaded hole laminate static strength
o laminate durability under cyclic loading
o environmental effects on strength
o layup effects on strength
o structural performance of a multifastener splice joint

Specimens were tested per the requirements of the matrix
shown in Figure 4. This matrix includes three levels of
structural evaluation:

o basic lamina data
o laminate design allowables
o multifastener structural component

The first group of tests used unidirectional and +450
specimens to evaluate tensile, compressive, and shear behavior
of the lamina. These material properties were used for
ply-by-ply analysis of notched and unnotched laminate static
strength.

The second and third levels of evaluation used tests of
notched and unnotched laminates and bolted joints to verify
predictions of strength and mode of failure, and establish a
data base on fatigue life and accumulation of hole elongation
with fatigue. Additionally, a data base on low energy impact
damage tolerance was established.

Environmental testing was included on both the lamina and
laminate levels to evaluate mechanical properties in room
temperature/dry (RTD) and elevated temperature/wet (ETW)

9



Fillbhr/Kes Materiel System Coimnatien Spemen Totals
EvstluaboN Aect 06 Spoceven Test Spysete T700/3501-6 lOO/CYCOM 7 TTOCICYCOM 1OU T700/5245C -

Tl evel M au se Conditien Type
ing Evaluated RTD RTO RTC ETW RTD FTW

1 Basic Fiber in Tension 0" Tension Coupon . . . . 18 -

Lamina Fiber/Resin in 00 Compression Coupon 8 -

Data Compression

Resin in Tension 900 Tension Coupon • . . . . 18 -

Fiber/Resin in Shear ±450 Tension Coupon • . .18 -

Resin Toughness Double Cantilever Coupon • - - 12 --

T700/CYCOM 907 T700/CYCOM 1808 T700/5245C

50/40/10 10/80/10 50/40/10 50/40/10 10/10/10

RTD RTD RTD ETW RTD ETW RTD

LDminate Unnotctred Tension Coupon • - 15
Design Compression Coupon - * 15 -

Allowables Unloaded Hole Tension Coupon * . . * . . 21 24

Compression Coupon • . . . . ?t -

Loaded Hole Bearing Coupon 2. * . . 2t 24

Impact - Unnotceed Compression Coupon - - . 15 --

3 Aircraft Highly-Loaded Tension Composite- Scarted Three * - . - - - 6 8

Structural Bolted Joint to-Metal Joint Fastener Joint
Component

*.3 sualcIe-'T - -- Specimen Totals 198 56

S4i ,que est, a 11= - I (J

A lai, ue ie"n ii R - - 254

Figure 4. Test Matrix

operating environments. Elevated temperature wet tests were
conducted at 250°F for both the 5245C and Cycom 1808 resin
systems. Specimens were preconditioned in 95 percent relative
humidity and 180°F until an equilibrium (saturation) moisture
content was reached. The rate of moisture absorption and
saturation moisture content was recorded for all hot/wet tests.

2. SPECIMEN FABRICATION - The high strain Union Carbide T-700
carbon fiber was used for all test specimens. This fiber was
supplied in unidirectional tape with four epoxy resin systems:
3501-6, Cycom 907, Cycom 1808, and 5245C. During fabrication a
three phase procedure to assure quality of test specimens was
performed.

First, material prepreg was physically tested for
conformance with material specifications for resin content,
resin flow, volatiles, resin tack and drape, and fiber aerial
weight. A vendor certification was supplied with each shipment
of prepreg to assure it had been found acceptable. Secondly,
after fabrication, each panel was inspected using ultrasonic
reflection plate techniques per MCAIR process specifications.
Finally, the third phase of specimen quality assurance required
that machining and drilling of each specimen be in conformance
with MCAIR standards. Specimens used in this program were
acceptable in all three phases of this quality assurance.

10



Panel processing procedures were followed according to
either MCAIR or material supplier specifications. Processing
of panels with the 3501-6 resin system was according to MCAIR
specifications which have been established for production use
on current aircraft. This processing cycle, with an eight hour
post cure at 3500 F, has been optimized for material
properties including retention of those properties critical in
elevated temperature/moisture saturated operating
environments. Processing of the resin material systems Cycom
907 and Cycom 1808 followed specifications recommended by the
supplier. Both systems do not require a post cure.

Processing of the 5245C resin system was based on
recommendations of the supplier and an evaluation of the effect
of post cure on strength. A summary of test results used to
determine an optimum post cure cycle based on hot/wet
interlaminar shear strength is shown in Figure 5. Moisture
preconditioning was established with a 24 hour distilled water
boil. Selection of an optimum post cure was based on a
compromise between hot/wet strength and anticipated retention
of improved toughness and impact damage tolerance. Based on
test results, a post cure of 400°F for four hours was

. selected for the T-700/5245C system.
18 1.8

16 .- 1.6
4""M

14 1.4

12 1.2
Average Average
Failing 10 . Pere

Stress rMoisture
ksi 8 0.8 Absorption

6 W. 0.6

4 0.4

2 0.2

0 None 4/350 8/350 4/400 8/400 2/450 4/450

Post Cure Schedule - hr/temp [*F]

ED T (dry) 1 10 ---

250-F (wet) .0780 ref

Moisture absorption f 0
°1

1

Note Moisture content
established by 24 hour 0.35 typ
d stilled water boil. GPS3-010-R

Figure 5. Post Cure Evaluation of T-70015245C

"4.
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Nineteen carbon/epoxy panels were required to fabricate
test specimens to complete program testing. Specimens were
machined from panels with each specimen uniquely numbered to
identify material system, panel number, and individual specimen
number according to the following code:

. x-x-x

K L Specimen Number

Panel Number

Material System
(1) T-700/3501-6
(2) T-700/Cycom 907
(3) T-700/Cycom 1808
(4) T-700/5245C

This coding facilitates tracing specimens back to its panel,
material system, and location within the panel. Reserve space
was allocated in all panels to permit duplication of specimens

*from the same data base as necessary.

Cured laminate resin content was determined for each
material system, taken from panels used to fabricate the
unidirectional 00 tension, 00 compression, and 900
tension test specimens. Results are shown in Figure 6. A
nominal per ply thickness based on 63 percent fiber volume was
determined using fiber aerial weight data, and has been used to
summarize test results.

Average SyeCtfIC Fiber N4omln.1

8eSii " CyrsO Per P v Gr , t y Resin Fiber Atrial Per Ply T ickness
Syste" Th~ckn ss Content Volime Weight i h)C

(inch) im/cm
3  

) (7 by .eight) (],hnd on 631 fiber nol).e)

3S01-6 0.0064 1.5772 33.60 57.Q 149.0 0.0051

Cycom 907 0.0061 1.5471 33.11 S7.? 150.5 0.0052

CycOo 1808 0.0051 I.S906 31.12 60.3 147.8 0.00S1

524SC 0.00 1 1.6090 26.81 6S.1 141.0 0.0049

Resi Oenslty Fiber Density
Syste system

( 9 / c m 
3  

) I / C 3

3501-6 1.27 T-700 1.81

Cyco. 907 1.22

Cyco. 1808 1.25

524C 1.2S OPS349104W-a0R

Figure 6. Resin Content Summary
.1
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Specimens requiring moisture preconditioning were stored in
environmental control chambers and their moisture content
monitored by measuring weekly weight changes. The objective in
preconditioning was to reach saturation and obtain a constant
moisture content through the thickness of the laminate.
Specimens were exposed to 95 percent relative humidity at
180°F until a near equilibrium moisture content was reached.
Moisture preconditioning measurements of specimens used for
basic lamina testing (16 ply laminates) are shown in Figure 7.
Moisture equilibrium was reached in approximately 30 days. The
equilibrium (saturation) moisture content for Cycom 1808 was

*1.18 percent by weight; 5245C equilibrium moisture content was
0.69 percent by weight.

1.2 Cycomn 1808

Percent 0.8
" Moisture 5245C

Content0
(by Weight) 0.6

0.4

Exposure: 950% RH

0.2 1 80 F
16 Ply Laminate

D0

0 8 16 24 32 40

S Days of Exposure
OP53-O910-18-R

Figure 7. Moisture Preconditioning Results: 16 Ply Laminate

*Moisture preconditioning measurements of specimens used in
laminate design allowables testing (40 ply laminates) are shown
in Figure 8. Specimens were tested after approximately 45 days
of exposure. Specimens fabricated from the 5245C resin system
had reached saturation when tested; specimens fabricated from
the Cycom 1808 resin system had reached 80 percent of
saturation.

13



1.4

1.2
Cycom 1808

1.0

Percent 0.8
Moisture 5245C
Content 0 O

(b y W e ig h t) 0 .6 6 0 0 -SI
0.4

_0.2_ 'Exposure: 95% RH
180SF

40 Ply Laminate

0 20 40 60 80 100

Days of Exposure GPS3.010-,

Figure 8. Moisture Preconditioning Results: 40 Ply Laminate
"%.

3. BASIC LAMINA PROPERTIES - This section contains test
procedures, specimen configurations, test setups, specimen
geometric data, failure loads, failure strains, and failure
mode information for each specimen tested in this level of
evaluation.

a. Elastic Constants - The 00 tension test specimen is
shown in Figure 9. Test results are shown in Figure 10.

9.00

4.50 A
0.50

0.25 L05
0 0/ 9 0 S t r a i n G a g e 2 5

3.00 052.50
116 Plies" 

Grip Tab"-

~~~6 Plies 7781 Glass Fabric/Epoxy /1xle

Note: All dimensions are in inches. Bond With FM400 Adhesive
Typical 4 Places--

Figure 9. Unidirectional 00 Tension Test Specimen

14



F-,re railure Stress a rc Strain Modulus
-esin inironrelt Specimen Thicknes5 ,iith L o_ (si nn) ms ") Po.1s .n"

0;0.'? CC '.uItaer Ilnch) linn
h  

(it'Rai

iraIldual -avrae lnzlj, dl Aueraje InIluOl ual Aeerace
1-1-, 0.120¢ 0.5034 12.640 ".6 13.200 22.2 0.301

501-n PT 1-1-7 0.098 0.5061 10,C90 242.1 27.9 1a .04U 12.207 21.01 21.76 7.365
I-1-0 0.1036 0.5007 11.340 277.6 12,300 22.03 0.327

2-1-6 0.0982 C.4965 13 1050 314.6 13,340 22.06 0.330

Cy-,a T7 7.09-S 0 .4961 13.600 33.0 321.7 14,220 13,770 21.84 22.28 0.316
2-i-5 0.7906 0.5040 14,080 336.3 13,740 22.94 0.339

-1-IC 0.0921 0.022 14.490 353.6 15,300 21.96 0.319
Cy-on 1 r< 0T 3-1-lI 0.0927 0.6046 14,800 360.1 357.1 1,00 15.460 21.66 21.95 0.302

3-1-12 0.0932 0.9029 4670 356.5 15.480 22.94 0.312

3-1-13 0.0930 0.5056 8.960 217.2 9,570 22.59 0.481
LT., 3-1-14 0.0936 0.5055 9.000 218.2 229.2 9,300 9.560 22.34 22.63 0.404

3-1-15 0.0932 0.5072 10.440 252.3 9.810 22.96 0.396

4-1-10 C.0866 0.6081 16,350 385.3 16.200 22.28 0.322
5245C TC 4-1-11 0.0660 0.5108 16,470 411.3 397.6 17.160 16,700 21.97 21.92 0.296

4-1-12 0.0866 0.5072 15,750 396.1 16.740 21.50 0.301

4-1-13 0.0852 0.5060 11.250 283.6 11.180 22.28 0.375
ET0 4-1-14 0.0856 0.5055 10.730 270.6 279.4 11.090 11,380 23.13 22.87 0.344

4-1-15 0.0853 0.6054 1.2SO 283 .9 11,890 23.21 0.3.6

GP530 10-IOD-A

Figure 10. Unidirectional 00 Tension Test Results

Strength of the four fiber/resin system combinations indicate
the relative capability of the resin to translate fiber
strength (18,000 p in/in) to the composite lamina. A typical
failed specimen is shown in Figure 11. Results from ETW tests
indicated a 35 percent reduction in tensile strength. This
reduced strength may have been caused by tab failure, although
no anomalies were observed in ETW specimen failures.

i 3-1-15 OP5-910OR

Figure 11. Failed Unidirectional 00 Tension Test Specimen

The 900 tension test specimen is shown in Figure 12, and
results of static tests are shown in Figure 13. The three
tough resin systems demonstrated a 50 to 70 percent increase in
transverse tension strength relative to the 3501-6 resin. A

J' typical failed specimen is shown in Figure 14.
00 compression mechanical properties were determined

using both unidirectional coupons and unidirectional sandwich
beams, comparing the ability of each test method to accurately
measure strength and stiffness. The 00 compression coupon
test specimen configurations are shown in Figure 15; two coupon
configurations were used to determine stiffness and strength.
The configuration without tabs was instrumented to measure
modulus and Poisson's ratio. The tabbed specimen was used to
determine material ultimate strength. The unsupported specimen
length was chosen so that buckling would greatly exceed
material compression strength. Due to the short gage length
these tabbed specimens could not be instrumented.
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9.00

4.50

-0.501 900 .0

001900 Strain Gage-/ 0.50

116 Plies

Note: All dimensions are in inches. Typical 4 Places G5-O6-

* ~.Figure 12. Unidirectional 9010 Tension Test Specimen

'i~. Failure F4ilure Stress Failure Strain louu
Resin Environment Spetinen Iflicknss 011th ldpsi Iunin isi Poisson's

Sstem Nunber (1n-h) (inch) (it) Ratio
Individual Average Individual Average Individual Average

'~~1., 1-1-I O.C975 7.Q943 602 750 .01.8008

*3501-6 RTC 1--2 CO? 1.06 62 S7.10 7,270 5.110 480 .494 0.9 0021
1--3 0098 1.09 552 .700 4.470 1.0 0019

2-1-1 0.0994 1.00C23 960 11:510 8:280 1:461 0.020
Cycvm 907 070 2- 1-2 0.0994 1.0145 696 1 0.620 11,300 7.790 8,260 1.4!2 1.443 0.018

2- 1-3 0 .0963 1.00 74 987 1 1.700 8 ,760 1 .4 28 0. 01 8

3-1-1 ^1 0911 1OSOE 731 8.690 6.940 1.3'0.1Cyc3- SOO 6 -- 2 0.94 109 679 8070 9,0 .570 .40 .68 1.271 .1
3- 1-3 0.0935 1. 0 057 8682 1 0.,540 8.890 1.241 0 .017

3-- 0.0926 1.0024 229 2.70 4.760 0.703 0.063

ETC 3-1-85 0.0938 1.0l 26 ,8 2,690 5,260 4,970 0.7C4 0.669 0.044
1-6 0.0938 10036 224 2,740 4.880 0.601 0.04

4-1-1 0.0845 0.9899 843 10,86 0 8:0201 1.:80.20
-. 240 60 412 00895 0.9960 812 1 0.400 10.990 7,490 .00 148 1.428 .1

4-1-3 0 .0852 1 .0383 928 11.700 8.,700 1. 420 0.017

4-1-4 0.08:5 0 .0096 340 4,300 7.7 20 0.854 0.049
ETC 4-1-5 0 I88 100 79 375 4,750 4.810 6.200 6,740 1.062 0.1 005

4-1-6 0.083 3 1. 0084 355 4,490 6.300 0.842 0 .046

0P53-M10-96.R

Figure 13. Unidirectional 900 Tension Test Results

A m1 
. G P 5 3 4 9 1 0 -1 O R

Figure 14. Failed Unidirectional 900 Tension Test Specimen
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2.20

0.20~~~1.00-----
16 Plies

I I T

Grip Tabs
6 Plies 7781 Glass Fabric/Epoxy

Bond With FM400 Adhesive
Typical 4 Places

Strength Test Specimen

2.20

1-- 1.10 -- 4

0.25 I
i 050

900 Strain Gage

16 Plies

Note: All dimensions are in inches. 0* Strain Gage

Stiffness Test Specimen
OP53-O104-1.R

Figure 15. Unidirectional 00 Compression Coupon Test Specimens

Specimens were tested in a specially designed loading
fixture shown in Figure 16. This test fixture includes twovertical alignment pins assuring loading directly along the
axis of the specimen precluding eccentric loading and premature
buckling of the specimen. Blocks at the grip ends provided
lateral support and compression loading was introduced on the
ends of the specimen.

17



'II SI

Test Specimen

Figure 16. Compression Test Fixture

Unidirectional compression test results are shown in Figure
17. The tabbed specimens generally failed in shear across a450 plane through the laminate thickness, rather than as a
00 fiber compression failure. A typical failed test specimen
is shown in Figure 18.

The unidirectional 00 compression sandwich beam test
specimen is shown in Figure 19; test results are shown in
Figure 20. Inspection of a failed sandwich beam specimen, such
as the one shown in Figure 21, indicated a 00 fiber
compression mode of failure. This mode of failure is reflected
in the higher strength and strain-to-failure compared to

*results obtained with the compression coupon. The sandwich
beam test also resulted in a slightly higher unidirectional
compression modulus (8 to 17 percent) compared to coupon test
results. As will be demonstrated in the evaluation of laminate
design allowables, strength predictions correlate well with
test results using sandwich beam strength allowables; however,
coupon test results provided better correlation with
predicftions of laminate modulus.
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Fa Il7re Failure Stress Modulus

Resin Environment Specien Thickness Width L0 aid I)s'i Poisson's Mode of
Syste . Nomber (inch) (inch) (lb) Ratio Failure

Individual Average Individual Average

3501-6 OTD 1-1-11 0.101 0.S02 - 21.65 0.320
1-1-12 0.098 0.503 - 21.15 20.74 0.297

.503 0.102 .. 03 - 19.42 0.338
1-IA _.101 0.505 6.350 151.1 1-2
1-18 0.102 0.S04 7.2S0 172.9 1
1-1Ic 0.098 0.502 5.130 122.7 160.4 - 2
1-10 0.103 0.503 8.490 202.8 1
1-lI 0.099 0.S03 6.380 152.3 2

Cyco. 907 RTO 2-1-11 0.098 0.502 - - 18.16 0.354 -

2-1-12 0.098 .0 Soo 19.44 18.79 0.366 -
2-1-13 0.097 O.501 - - 18.78 0.381 -

2-1A 0.097 0.506 3.960 94.1 2
2-12 0.098 0.510 3.750 80.4 2
2-10 0.096 0.502 3,140 804.7 84.5 2
2-10 0.097 0.505 3100 73.8 2
2-1i 0.097 0.510 3.460 81.6 2

Cyco, 1800 RTU 3-1-19 0.091 0.504 20.58 0.350 -
3-1-20 0.092 0.504 - 20.22 20.45 0.365 -

3-1-21 0.092 0.S03 - - 20.55 0.327 -
3-IA 0.091 0.505 4.500 107.1 - 2
3-1 0.091 0.508 4.730 111.8 2
3-10 0.092 0.502 7.190 172.1 117.9 1
3-10 0.091 0.505 4.980 118. 2
3-11 0.091 0.507 3.380 80.0 2

ETW 3-1-22 0.092 0.504 - 27.43 0.363 -
3-1-23 0.092 0.505 - 19.51 20.75 0.299 -

3-1-24 0.092 0.503 - - 21.98 0.338 -
3-1E 0.091 0.499 1.950 47.9 - 2
3-IF 0.091 0.503 2.850 69.4 58.3 - 2
3-1G 0.091 0.504 2,440 59.3 2
3-1 0.091 0.509 2.350 56.6 2

524SC RTO 4-1-19 0.088 0.503 - 20.69 0.295
4-1-20 0.086 0.504 - 19.98 20.09 0.306
4-1-21 0.089 0.503 - - 19.59 0.345 -
4-IA 0.091 0.510 5.630 132.6 - 2
4-16 0.091 0.500 3:590 86.2 - - 2
4-10 0.092 0.499 4.340 104.5 119.7 - 2
4-10 0.091 0.508 5.700 134.9 2
4-I1 0.091 0.503 5.880 140.4 - - 1-2

ETW 4-1-22 0.085 0.504 22.71 0.334 -
4-1-23 0.089 0.501 21.58 22.15 0.409
4-1-24 0.088 0.503 - - 26.29 0.259 -
4-1E 0.085 0.507 3.990 100.4 - -1

4-1F 0.08 0.504 4,840 122.5 111.3 - 1
4-1G 0.084 0.505 3.650 92.2 - 1

4-lu 0.086 0.504 5,140 130.1 - 1

MODE OF FAILURE LEGEND 1 FIBER COMPRESSION 2 SHEAR ACROSS THE THICKNESS

OPsa.O.10-MaR

Figure 17. Unidirectional 00 Compression Coupon Test Results
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4

(1-1 C) GP53-0 047.

Figure 18. Failed Unidirectional 00 Compression Coupon Test Specimen

p -Steel Load Pads (Typ)

Z :Aluminum Honeycomb

16- 8.0 -- 4.- Composite Skin

0.1 20 Metal Skin-- -. t.0t ,20.0

22.0

Composite Skin: 1.00 in. Wide; 22.0 in. Long; 6 Plies Thick

Metal Skin: 1.00 in. Wide; 22.0 in. Long; 0.090 in. Thick; 6AI-4V Annealed Titanium

Aluminum Honeycomb: 1.25 in. Wide; 22.0 in. Long; 1.50 in. Thick

Data Reduction:

PL
2 w t (C+ t + T)

Where: a = Uniaxial Compression Stress
P = Applied Load
w = Composite Skin Width (1.00 in.)
t = Nominal Composite Skin Thickness (6 Plies)
C = Honeycomb Core Height (1.50 in.)
T = Metal Skin Thickness (0.090 in.)
L = Moment Arm Between Applied Load and Reaction Support (8.0 in.)

GPS34M1044A

Figure 19. Unidirectional 00 Compression Sandwich Beam Test Arrangement
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Fa i vre Failure Stress Failre Stain. Modulus

System Number (nch) ( 1nh) 5l)
Individu.al Average Individual1 Average Idiidal Average

1-S-i 0.03? 1.008 2.560 210.5 1110I 22.64
3S01-6 870 1-S-2 0.032 1.007 2,440 200.6 213.9 9.S20 11.040 23.05 22.S6

1-S-3 0.032 1.007 2.810 200.6 12,100 21.99

2-S-1 0.036 1.008 1.750 141.2 6.730 22.17
Cyco. 907 870 2-S-2 0.035 1.007 1,510 122.0 135.3 5.740 6.490 22.09 22.01

2-S-3 0.035 1.009 1,770 142.6 7.000 21.78

4-S-1 0.028 1.004 2,430 206.1 10,820 21.90
aSZ4SC RTD 4-S-2 0.029 1.004 2,360 202.3 193.6 10.450 10.040 21.83 21.63

4-S-3 0.029 1.004 1.990 170.3 8.860 21.15

4-S-4 0.029 1.005 1.010 86.1 4,220 21.28
ETVr 4-S-5 0.029 1.004 1.040 88.8 88.1 4,220 4.350 21.42 20.99

4-S-6 0.029 1.004 1.050 89.5 4,600 20.27

4 0P5340107.R

Figure 20. Unidirectional 00 Compression Sandwich Beam
Test Results

Figure 21. Failed Unidirectional 00 Compression Sandwich Beam Test Specimen

Intralaminar shear mechanical behavior was evaluated using
the +450 test specimen shown in Figure 22. Test results are
summarized in Figure 23, with complete shear stress-strain
curves for each resin system shown in Figures 24 through 27.
Typical failed test specimens are shown in Figure 28.
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9.001
0.500 +4

0.50 -45X.0

0190* Strain Gage-/ 0.50

Note: Ali dimensions are in inches. Typical 4 Places

Figure 22. ±t 450 Intralaminar Shear Test Specimen

are Shef*""ar Strade Shear Modulus

me I". Envlreguefit Specimen Thicknss width wpl Fiure Shear Strain ( at)

Z1t.Nubr (nh Ic)Individual Average fun1) Individual Average

1:2:1 0:1055S 1:00S? 1::530 26.200 0.876 0.7

*1-2-3 0.1076 1.0063 1.20 27.490 0.878

2:2:-1 0.0971 1.0022 21:440 172.000 0:7798
Cycom 907 MWD 2-22 0.096 106 .80 19.5SO 172,0000 0.673 0.743

2_ 223 0.967 1.0066 19.100 07S8

3-2-1 0.05 1.08 18572.00 .2
Cycom 1808 RTO 3-22 0.07 1.07 1180 11.860 17.0 067 0.636

3-2-3 0.0880 1.0 0 7 11,860 '72.000 0.659

ETIV 3-2-S 0.088 1067 8.1 9.260 '3:.000 0.210 0.210

3-2-_6 0.0876 .07 8.810 *36.000 0.247

4-2-1 0797 1 003S 12.710 *72.000 0730
S24SC RTO -22 0.0804 .96 1. 12.320 '72:0000.0 074

4-2-3 0.080 1021 12.080 *72.000 0.759

4-2-4 0:.0801 0.9976 10.7 '3.00 0.334
ETa --- 0.89 099 71.0 11.000 '36.00 0 39 0.3

a-2-6 0.0808 0.9984 10.990 -

up' 05354104-il

Figure 23. Intralamlnar Shear Test Results
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16

14 _______ ___- ___
T-700/3501 .6

12 00orAverage of 3 Tests

10

Shear 8 G12  0.877 mnsi 000__

Stress

ksi 6

4

2__

0 4 8 12 16 20 24 28 32 36
Shear Strain, 712' 10-3,uin./in. G-1-7

Figure 24. intralamlnar Shear Mechanical Behavior: 3501.6 Resin System

14__ _ _ _ __ _ _ _

12

10

Shear 8
Stes G12 0.743 msiZ -O

ksi 6T-700/Cycom 907
Average of 3 Tests

0* 8 12 16 20 24 28 32 36
Shear Strain, 7'12, 10- 'j.i. P30902*

Figure 25. intralaminar Shear Mechanical Behavior: Cycom 907 Resin System
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14

12 ___

10 ___

Shear 8 
___ ___

SteG 12 0.636 ins T-700ICycom 1808

ksi 6

2 G 12 ":0 . 18 s!E T

0 4 8 12 16 20 24 28 32 36
Shear Strain, 7 12, 0- uin./in. GP53-010-n-

Figure 26. Intralaminar Shear Mechanical Behavior~ Cycom 1808 Resin System

14

12 ___

10

Shear 8___ G_1_0.49__
Stress 8 G 074 siT-700/5245C

T12  Average of 3 Tests
ksi 6 0

44 
-0- T

2

0
0 4 8 12 16 20 24 28 32 36

Shear Strain, 712, 10- 14in./in. P310W

Figure 27. intralaminar Shear Mechanical Behavior: 5245C Resin System
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1-2-3: RTD

3-2-4: ETW OP5.340o104IS

Figure 28. Failed t 450 Intralaminar Shear Test Specimens

Shear stress-strain mechanical behavior was obtained from
measurements of load versus longitudinal and transverse strain
using the following relations (Ref. 7):

GI12 = x/2(x -Ey) (I)
T12 = ax/ 2  (2)
Y12 = Ex - Ey (3)

There are two important approximations inherent with this test
and data reduction procedure (Ref 8). One approximation is
caused by the lack of a pure shear stress or strain state in
each ply of the +450 test specimen. From test results in
Figure 29, it is shown that the laminate Poisson's ratio is not
exactly unity. Since the longitudinal strain is not quite
equal to the negative of the transverse strain, the strain
state in each ply at 450 to the laminate axes is not quite
pure shear. If laminate strains are plotted on a Mohr's strain
circle, results shown in Figure 30 are obtained. Small tensile
strains exist in addition to the relatively large shear strains
in the principal directions of the lamina. From test results
shown in Figure 29, this tensile strain is computed to be
approximately 7 percent of the shear strain. The tensile
strains across the transverse direction of the lamina result in
a slightly reduced shear modulus and contribute to laminate

- ' failure.

80cm Envlrone.nt Specien Th~ ckness Width Step Load

Syste. Number (inc) (InCh) Numb. r (b) (psi) (.51) (0lf/1.) (oin/n) (psi) (01/In) (eiS)

S24SC RT0 4-2-1 0.0797 1.0035 1 260 3.310 2.50 1,320 960 0.727 1,650 2,280 0.725
2 520 6,610 2.62 2,50 1.920 0.744 3.310 4.500 0.744
3 780 9,910 2.20 4.080 3.060 0.750 4.960 7.140 0.626
4 1.040 13.220 1.97 5,760 4.380 0.760 6.610 10.140 0.5"1
5 1.300 16.520 1.53 7920 6.180 0.780 8.260 11.100 0.417
6 1.560 19.830 0.93 11.460 9.120 0.796 9.910 20.580 0.215
7 1.820 23.130 0.46 tS.600 IS.360 0.826 11.570 33.960 0.124

8 2.000 25.420 - 136,000 '36.000 - 12.710 .72:000 -

OIPS4S1-0-4-tR

Figure 29. Intralamlnar Shear Test Results
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' ax1 1

y' 2

+45 Ply

AA

~4 o Ply

E 1, E2 = (Ex + -yY2" - Y -
Mohr's Strain Circle

Ox

GP53-NIO-73R

Figure 30. Strain State in :t 450 Intralaminar Shear Test Specimen

The second approximation is due to the existence of large
free edge stresses in the region near the boundary of the
+450 test specimen. Analytical predictions of free edge

stresses in +450 laminates have been discussed in the
literature (Ref 9); results are reproduced in Figure 31.
Failure of the +450 intralaminar shear test specimen is
influenced by damage growth caused by these large free edge
stresses. Damage growth is primarily a Mode II fracture due to
the interlaminar shear stress state at the laminate free edge.
The toughness of the Cycom 907 resin system inhibits growth of
this free edge damage and accounts for its high shear strength
relative to the other three resin systems as measured using the
+450 test specimen. Recognizing the limitations of the
+450 test method for measuring lamina shear mechanical

Nproperties, lamina shear strength test results and hence
laminate strength predictions will in general be conservative.
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5I
-45* Ply Stresses
b = 8h
[+ 45°/-4501-45°/+45]

4

3 x

Stresshx

2S i Laminate Free Edge (Y = b)
2J

Laminate Center Line (Y = 0) 7

0 0.25 0.50 0.75 1.00
Y/b OPS3 io6O-26.R

Figure 31. Interfaclal Stresses In t 450 Intralaminar Shear Test Specimen

b. Mode I Fracture Touqhness - The Mode I fracture
toughness test specimen is showa in Figure 32. Critical strain
energy release rates were obtained from measurements of crack
length, failure load, compliance and crack opening
deflections. The fracture toughness test arrangement is shown
in Figure 33. The nomenclature describing the double
cantilever beam is given in Figure 34.

Several tests were performed on each specimen. Opening
displacement was applied to initiate crack growth in the
starter film and increased until the crack extended some
distance from the loading blocks. Displacement was then
returned to zero. For each test measurement, displacement was

*applied to initiate crack growth, and the displacement was then
increased until the crack propagated some arbitrary distance
along the specimen. Crack length measurements were taken
visually on the specimen edge with a traveling microscope.
Displacement was returned to zero and the process repeated.
Sample test data is shown in Figure 35 for the 5245C resin
system.
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Figure 32. Mode I Fracture Toughness Test Specimen

'I
Fiue3.Md I FrcueTuhesTs ragmn

128

U A 5%
%P5301 -ea*



.'Xt.

AP

p GP53-010-74-R

Figure 34. Double Cantilever Beam

Initial Crack
18- Measurement Length

Resin System: 5245C Number OIn.)
Spcie Nmer -321 1.557

16- Seie ubr .. 2 1.839
3 2.145

14- 4 2.410
5 2.646
6 2.892% ~12-

Load 10-
p

lb 8-

6-

4-

2

0
0.05

Opening Deflection, 6 - in.
OPLI-e1O-72-R

Figure 35. Mode I Fracture Toughness Test Data: 5246C Resin System
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Critical strain energy release rates, GTC, which is a
measure of energy required by the action of exiernal loads for
a unit forward displacement of a crack surface, were computed
from these test data using two methods. The first method used,
called the Area-Integration Method, is shown in Figure 36. To
compute the energy required to extend the crack, three separate
energies are considered. Initial opening displacement

PC

P P

b1 62 6
(a) Energy in Beam Flexure (b) Energy in Crack Propagation

to Crack Initiation and Beam Flexure

P P

62 5 p6

(c) Energy Remaining in (d) Energy for Crack Propagation
Beam Flexure After
Crack Propagation

0P5;3,01032-R

Figure 36. Area Integration Method for Calculating Mode I Fracture Toughness

represents the energy stored in the beam prior to crack growth
(Figure 36a). Additional energy is required to propagate the
crack and further flex the beam (Figure 36b). Unloading to
zero displacement represents energy remaining in the beam after
crack propagation (Figure 36c). The first two energies minus
the third is the total energy required to propogate the crack.
The critical strain energy release rate is this energy divided
by the area created by the crack extension. Measurements
required to calculate GIC by this method are load,
deflection, initial and final crack lengths, and specimen
width. Using a linear approximation of load-deflection test
results, fracture toughness can be computed using the relation:

(P16 2 - P261 )

GIC 2W(a 2-a )

re Sampli_ results using the Area-Integration Method are shown in
Figure 37.
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M00. I Fracture Toughness
Load Crack Length Opening Deflection

Resin Specimen Width 0iea urement (Ib) (inch) (inch)
System Number (Inch) Number

Initial Final Initial Final Initial Final Individual Average

5245C 4-3-2 1.008 1 14.1 10.8 1.557 1.839 0.086 0.126 1.498
* 2 11.3 9.12 1.839 2.145 0.126 0.172 1.287

3 9.41 7.98 2.145 2.410 0.172 0.224 1.245 1.260
4 6.26 7.23 2.410 2.646 0.224 0.272 1.235
5 7.54 6.69 2.646 2.892 0.272 0.316 1.148
6 6.97 6.24 2.892 3.124 0.316 0.370 1.306

QPBS-0O1042-R

Figure 37. Mode I Fracture Toughness Using Area-integration Method

The second method for computing Gic from test results,
called the Compliance Calibration MethodS (Ref 10), uses the
relationship:

GiC = 3AIA2/2W.

A1 and A2 are given by the relations:

C = 6/P = A1 a
3

PC = A2a-i

where Pc is the critical load required to initiate crack
growth. Sample data reduction results are shown in Figure 38;
sample calculations are summarized in Figure 39.

100 100
80 80

60 60

40 40

20 C=Ala 3  20CO 22 
Critical

Compliance (C) Load
(SIP) 10 -P=A,2a-1 .10= -.io 0 b

10-3 in./Ib 8 P8 lb

.6 o 6
4 4,

Resin System: 5245C
Specimen Number: 4-3-2
A1 : 0.00205 (Ib-in.2)

1

2 A 2 : 20.62 (in.-Ib) 2
G GIC: 1.308 (In.-blin.

2 )

2 4 6 810
Initial Crack Length, a - in. G0P53-O0I10-TI-A

Figure 38. Compliance Calibration Data Reduction: 5245C Resin System

31

%



Resin Specimen Width Measurement Crack Length Failure Load compliance A
1  

A 
2  

Mode I Fracture Toughness

System Number (inch) Number (inch) (Ib) b 10 3in/lb ) (lb-In
2 

)- (in-lb) (In-lb/in
2

5245C 4-3-2 1.008 1 1.S57 14.1 6.04 0.00205 20.62 1.308
2 1.839 11.3 12.0
3 2.145 9.41 l.0
4 2.410 8.28 26.7
5 2.646 7.54 35.9
6 2.892 6.97 56.3

Figure 39. Mode I Fracture Toughness Using
Compliance-Calibration Method

Mode I fracture toughness test results are summarized in
Figure 40 for all four resin systems; results using both
methods of data reduction are compared. The Area Integration
Method generally gave higher values of toughness, while the
Compliance Calibration Method generally gave more consistent
results.

Mode I Fracture Toughness
• ( in-lb/in

2 
I

System (Miner Cinch) Cich) Area Integration method Compliance Method

Individual Average Individual Average

1-3-1 0.147 1.005 0.876 0.867
3S01-6 1-3-2 0.150 1.005 0.808 0.807 0.808 0.812

1-3-3 0.150 0.999 0.736 0.740

2-3-1 0.146 1.004 3.264 2.850
Cycom 907 2-3-2 0.148 1.000 2.804 3.103 2.497 2.699

2-3-3 0.148 0.996 3.240 2.748

q3:3:1 0.137 1.005 1.8I92 1:736
Cycom 1808 3_3_2 0:139 1.008 1.6 1.892 1.572, 1.7743-3-3 0 .142 1.006 2 .109 2.014

4-3-1 0.121 1.007 1.545 1.465
S245C 4-3-2 0.121 1.008 1.286 1.506 1.308 1.397

4-3-3 0.121 1.008 1.688 1.419

GP5341.WAI-

Figure 40. Mode I Fracture Toughness Test Results

4. LAMINATE PROPERTIES - Lamina mechanical properties used for
ply-by-ply analysis of laminates tested under this phase of
program testing are summarized in Figure 41.

Properties T-700/3501-6 T-700/Cycom 907 T-70O/Cycom 1808 T-700/524SC

RTO RTO RTO ETw RTO EY7
Elastic Constants

It (.si 21.76 22.28 21.95 22.63 21.92 2287

EI (nsl) 20.74 19.74 20.45 20.75 20.09 20.99

Et Ins) 1.493 1.443 1.271 0.669 1.425 0.919

G 12 (rsi) 0.877 0.743 0.636 0.218 0.749 0.363

.. 3i1 0.328 0.311 C.427 5.:rG 011

1".11 1 10 ,t. i 1%460 9 61 16100 11381

1 lln) 11040 6469 10491 10044 4348

t' (ltnI 4893 8283 7468 4967 9059 6739

- ) 26010 172000 '72000 '36000 >72000 ,36000
,JtU (kOil 275.8 328.0 357.1 229.? 397.6 279.4

F ( I 213.9 13S.3 211.5 - 193.6 60.1
Ftu (kSt) 7.27I . 02 I7.0 9.10 2.89 10.09 4.51

u ( s) 14.5l 19.58 11.86 9.76 12.72 11.00

Figure 41. Lamina Mechanical Properties
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Both a fiber and matrix dominated layup were used toestablish a data base on static and fatigue laminate mechanical
properties. Laminate stacking sequences are shown in Figure
42. Laminate tests were performed to determine: (1) unnotched
laminate static tension and compression strength, (2) unloaded
hole static tension and compression strength, (3) unloaded
hole constant amplitude fatigue life, (4) loaded hole pure
bearing static strength, (5) accumulation of hole elongation
with fatigue, (6) low energy impact damage tolerance, and (7)
multifastener metal-to-composite strength and constant
amplitude fatigue life. The following sections describe test
results and correlation of analytical predictions with test
results.

Percent of 00)1- 4501900 Plies

50140/10 10/80110
Ply Number

(to Centerline)

1 +45 +45
2 0 -45

. 3 -45 +45
4 0 -45
5 90 90
6 0 +45
7 +45 -45
8 0 0
9 -45 +452. 10 0 -45

11 +45 +45
12 0 -45
13 -45 +45
14 0 -45
15 90 90

. 16 0 +45
17 +45 -45
18 0 0
19 -45 +45
20 0 -45

Centerline

Stacking Sequence Is Symmetric About Centerline
GP63-O910-R

Figure 42. Laminate Stacking Sequence

a. Unnotched: Static and FatiQue - The unnotched tension
test specimen is shown in Figure 43; test results are shown inFigure 44. Unnotched tension test specimen failures for boththe 10/80/10 and 50/40/10 layups are shown in Figure 45.
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10.00

5.00 1

0.75 00* I
- 450 1.50

00/90 ° Strain Gage 0.50
- 3.00 3.00

- 40 Plies
Grip Tabs

6 Plies 7781 Glass Fabric/EpoxyBond With FM400 Adhesive

Typical 4 Places
0P53411043-R

Figure 43. Unnotched Tension Test Specimen

Failure Failure Stress Failure Strain Moulu4

Resin Layup Specimen Thickness Width Loud (kIl (MIn/in) (i1) Poisson's
Sstee Number (finch) Cinch) (16) RatioIndividual Average Individual Average Individual Average

2-4-21 0.246 1.5S0 55.650 177.2 12,250 12.63 0.413
Cycee 907 50/40/10 2-4-22 0.247 1.497 57.500 184.7 182.4 13.620 13,340 12.87 12.62 0.410

2-4-23 0.244 1.509 58.200 185.4 14,160 12.37 0.401

2-5-1 0.250 1.502 23:300 74.6 16,800 5.11 0.518

10/80/10 2-5-2 0.251 1.505 23.700 75.7 76.3 17.370 17,190 5.19 5.13 0.524
2-S-3 0.251 1.503 24.550 78.5 17.400 5.09 0.632

3-4-29 0:237 1.502 52:400 171.0 13.020 12.27 0.410
Cycom 1808 50/40/10 3-4-30 0.239 1.509 51.800 169.1 167.2 12.900 12,660 12.20 12.44 0.410

3-4-31 0.238 1.502 49.S00 161.5 12.060 12.85 0.42S

4-4-29 0.205 1.511 58.500 197.5 -:11.98 0.396

5245C 50/40/10 4-4-30 0.204 1.508 57.600 194.9 195.1 - 12.02 11.95 0.408

4-4-31 0.204 1.507 57.000 193.0 15,600 11.85 0.405

4-5-1 0.208 1.505 21.650 73.4 17.580 4.93 0.507

10/80/10 4-5-2 0.207 1.505 21.550 73.1 72.4 17.730 17,610 5.04 4.99 0.516

4-5-3 0.207 1,506 20,900 70.8 17.520 5.00 0.503

GPS3-010--R

Figure 44. Unnotched Laminate Tension Test Results
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I.t

(10/80/10 Layup)

(50/40/10 Layup) QP53- 4&-

Figure 45. Failed Unnotched Tension Test Specimens

Correlation of predicted laminate tension modulus, using
classical laminated plate theory, with test results are shown
in Figure 46. Predictions were generally within 7 percent of

.* test results.

Unnotched laminate stresses were computed using classical

lamination plate theory. Laminate failure was predicted by
comparing elastic stresses with material failure criteria on a
ply-by-ply basis. Typical material failure criteria are shown
in Figure 47. The maximum stress and Tsai-Hill failure
criteria were evaluated in correlating predicted strength with
test results. The maximum stress failure criteria evaluates
each of the three stress components independently:

02 11 2 1°l-1, -1, -1.

F1 F2 F 1 2

When any of these ratios reach unity, failure is predicted.
The Tsai-Hill failure criteria evaluates each of the stress
components interactively:

(a ) 2 + (,2) 2 T 1(0F1 2)
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18
Test

50/40/10 50/40/10 50/40/10 Prdce

12

Tension________
Modulus 8

m si

4

T 700/Cycom 907 T 700/Cycom 1808 T-700/5245C
GP5S-OS10-S-

Figure 46. Correlation of Laminate Tension Modulus Test Results
With Prediction

a2 - ksi

U, - ksi

Tsai-HillfsiW
1Hoffman

h- axmum -
Stress ~ M axim um S train P 3 103 A

Figure 47. Failure Criteria Comparison
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Predicted strength varies greatly between failure criteria
depending on the magnitude of each stress component.

Correlation of unnotched laminate tension strength test
results with predicted first ply failure is shown in Figure
48. The maximum stress failure criteria generally over
predicted strength while predictions using the Tsai-Hill
failure criteria were generally conservative. Predictions were
conservative primarily because of the intralaminar shear
strength allowable. Correlation of predicted stress-strain
behavior with test results for both the 50/40/10 and 10/80/10
layups of the T-700/Cycom 907 material system are shown in
Figure 49. Correlation was nearly exact up to the points of
predicted first ply failure.

P.• 240

240 Test E 50140110

Predicted ' ' Maximum stress failure criteria

e 200 failurel - saiHill failure criteria

Stress 120

ksi

8010810 _ 1101
460

!- T-7001Cycom 907 T-700/Cycom 1808 T-70015245C

, , Figure 48. Correlation of Laminate Unnotched Tension Strength Test Results
l With Predicted First Ply Failure

.X4-

€. 374Nei

40 X'..~% . ~ y>.:-:.~



200I
T-l /Cycorn 907 P die--First Ply Failure

160
Test ('ryp)\

Longitudinal 120
Stress

/- Predicted First Ply Failure
ksi so _I___....

\,-Test (Typ
0

0 4,000 8,000 12,000 16,000 20,000

Longitudinal Strain, Ex - /in./in. GPSSOglOa-0-R

Figure 49. Correlation ot Laminate Tension StresslStrain Test
Results With Prediction

;

The unnotched compression test specimen is shown in Figure
50; test results are shown in Figure 51. Typical test specimen
failures for both 50/40/10 and 10/80/10 layups are shown in
Figure 52.

Excellent agreement between predicted compression modulus
and test results was obtained, as shown in Figure 53.
Correlation of predicted first ply failure with test results
are shown in Figure 54. Predictions for the Cycom 907 resin
system were very conservative using unidirectional lamina
strengths. Predicted strengths of the 50/40/10 layup for both
the Cycom 1808 and 5245C resin systems correlated well with
test results. Predicted strength of the 10/80/10 layup for the
5245C system was conservative by 30 percent, due to the
nonlinearity in specimen failure and conservatism in ply
intralaminar shear strength.
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'I.

3.00
II

T + 3.0090

* 0.75 +

10 1 9

I-, 1.00 .* 1.00 I

40 Plies

00 Strain Gage Note: All dimensions are in inches.

OP534S1042-.R

Figure 50. Unnotched Compression Test Specimen

Faillur. Fillure Stress Faflre Strain Modeles

Reuin Layep Specimen Thickness Width Load Ik.1) kein/11 (mnI) Polsson's
System Nusher 11nch} (Inch) (15) R4t10

Individual Average Individual Avrago Individual Anerage

2-4-18 0.246 1,507 36,890 111.7 10,350 11.81 0.469

Cyco 907 50/40/10 2-4-20 0.243 1.510 33.860 107.8 112.2 10.190 10.370 11.88 11.84 043S

2-4-41 0.243 1.509 34.860 111.1 10.580 11.84 0.446

2-5-19 0.254 1.497 23:190 74.5 19.090 .20 0.172

10/80/10 2-5-20 0.253 1.498 23.625 75.8 74.3 18.690 18.790 1.40 5.28 0.57

2-5-21 0.249 1.495 22,590 72.6 16,590 S.24 0.575

3-4-37 0.243 1.501 40.110 125.3 12.530 11.60 0.434

Cycom 1808 50/40/10 3-4-38 0.238 1.501 36.550 119.4 121.7 11,280 11.720 11.73 11.60 0.459
3-4-39 0.238 1.501 36.860 120.4 11,350 11.48 0.427

4-4-3' 0.2C6 1.508 36.720 ;2.7 11.90 1l.?4 '.4/

52450 5 /4Oi10 4-4-38 0.205 1.507 32.070 108.6 116.5 10.900 11.180 11.48 11.20 0.42
4-4-39 0.205 1.509 34.980 118.3 11.860 IC.86 0.439

4-5-19 0.202 1.511 20,680 69.8 18.180 4.8 0.568

1C/80/1 4--20 0.204 1.511 19,010 64.2 69.1 16.100 17,70 4.88 4.91 0.559

4-5-21 0.206 1.510 21.650 73.8 19,340 4.96 0.558

OP63-010.4g-R

Figure 51. Unnotched Laminate Compression Test Results
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(10I6010 Layup)

(5014000 Layup) 141.3

Figure 52. Failed Unnotched Compression Test Specimens
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MTest

FM Predicted

12-5101050140110 50140)10

NE

Compression
Modulus 8

msi

T 700/C ycom 907 T-70OICycom 1808 T-70015245C
OP53-O1O-1.0

Figure 53. Correlation of Laminate Compression Modulus Test Results
With Prediction

III' 160
Test

4* Predicted
first ply Tsai-Hill failure criteria
failure 50/40/10

120 50/40/10 5101

Failure 80_1080/1

ksi

40

T 700/Cycom 907 T-700/Cycom 1808 T-700/5245C
QPS3SOIO 3 A

Figure 54. Correlation of Laminate Unnotched Compression Strength Test Results
With Predicted First Ply Failure
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b. Unloaded Hole: Static and Fatigue - The unloaded hole
tension and compression static test specimen is shown in Figure
55. Compression test specimens were stabilized to prevent
buckling. Unloaded hole tension test results are shown in
Figure 56; typical test specimen failures are shown in Figure

"" 57.

0.2500+ 0.0014 Dia Hole

0.2495 + 0.0000 Dia Protruding Head Bolt

075 0° Strain Gage o"K- 4 5 1 .5 0

10.00
- 5.00 2.50

_T 40 Plies

Note: All dimensions are in inches..
G P 53O910411-R

.S Figure 55. Unloaded Hole Tension and Compression Static Test Specimen

Hole Fal1ure Failure Stress Faillure Strain

Resin Environment Layup Speclmeen Thickness Width 0a.eter Load (p$i) ( 0 in/in) Codulss
S y s t e e N a b e r ( i c h ) ( i n c h ) ( n c h ) ( b ) 

( s i )

2-4-24 0.244 1.509 0.250 29,850 91:920 7.130 11.80
Cyco. 907 RTD 50/40/10 2-4-2S 0.245 1.509 0.250 29.650 94.470 94.200 7,170 7,200 12.74

2-4-26 0.245 1.509 0.250 30,200 96,220 7.290 12.55

2-5-4 0.249 1.504 0.250 1s700 50.190 10.650 5.05
RTD 10/80/10 2-5-9 0.249 0.504 0.250 16.400 52,460 51.540 11.070 10,830 5.17

2-5-10 0.250 1.503 0.250 16.250 s51.980 10.760 5.30

3-4-32 0.240 1.495 0.270 28.750 94,720 6,990 13.12
Cyco. 1808 RTD 50/40/10 3-4-33 0.240 1.500 0.250 28.450 92.970 91,670 6.750 6.860 13.25

3-4-34 0.240 1.502 0.250 27.900 87.770 6.840 12.74

3-4-45 0:240 1.493 0.250 29:700 97.510 6,290 14.72
ETV 3-4-46 0.239 1.502 0.250 30,400 99,210 98,350 7.140 6,600 13.06

3 4-47 0.239 1.500 0.250 30.100 98.370 6 .380 14.69

4-4-32 0.204 1.509 0.250 26.850 87.220 7.230 12.17
5245C RTy 50401 4_33 0.205 .50 7 0.250 27:.000 8.30 88.470 7.130 3.250 12. 084-4-34 0.205 1.508 0.250 27,800 90.370 7,400 11.83

0, 4-4-45 0.203 1.507 0.250 27.050 91.580 7.030 12.06
ETW 4-4-46 0.206 1.507 0.250 28.250 95.640 94.S30 6.990 7.220 03.10

4-4-47 0.205 1.508 0.250 28.450 96,380 7,650 11.99

4-5-4 0.206 1.507 0.250 14.200 48,080 10,010 5.22
RTD 10/80/10 4-5-9 0.206 1.507 0.250 13,850 46.890 47.620 9.780 9.990 5.10

4-5-10 0.205 1.507 0.250 14.150 47.910 10.190 5.03

GPS3-91088-R

Figure 56. Unloaded Hole Tension Test Results
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(50/40/10 Layup)

Figure 57. Failed Unloaded Hole Tension Test Specimens

Unloaded hole strength predictions were performed using the
"Bolted Joint Stress Field Model" (BJSFM)(Reference 1),
outlined in Figure 58. This methodology is based upon
classical lamination plate theory and anisotropic theory of
elasticity to obtain laminate stress and strain distributions,
and a characteristic dimension (Rc) failure hypothesis. Test
data requirements are minimized by extending the characteristic
dimension failure hypothesis to a ply-by-ply analysis in
conjunction with known material failure criteria.
Unidirectional (lamina) stiffness and strength data were used
with an empirical value of Rc to predict stress
distributions, critical plies, failure location, and failure
load. The utility in this analysis procedure is the use of a
single characteristic dimension for various layups, made
possible since failure is predicted on a ply-by-ply basis.
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N - . . . .. .. .
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Figure 58. Bolted Joint Stress Field Model OPS3- 3

Correlation of laminate strength predictions with test
results for the Cycom 907 resin system are shown in Figure 59,
based on the Tsai-Hill failure criteria. For a characteristic
dimension of 0.062 inch, correlation of test results with
prediction is nearly exact. Strength predictions using the
maximum stress failure criteria are compared with test results
in Figure 60. Since each of the ply stress components are
evaluated independently, the characteristic dimension is much
smaller as compared to the interactive Tsai-Hill failure
criteria. For an R value of 0.023 inch determined using
test results from the 90/40/10 layup, rnredicted strength of the
10/80/10 layup is conservative by 19 percent.

Laminate strength under the combined action of bearing and
bypass loads can be predicted using the characteristic
dimension determined from theory/test correlation of unloaded
hole tests. A predicted bearing/bypass strength envelope for
the Cycom 907 resin system is shown in Figure 61. Predictions
are based upon the Tsai-Hill failure criteria and a
characteristic dimension of 0.062 inch.

Correlation of predicted strength with test results for the
5245C resin system are shown in Figure 62, based on the maximum
stress failure criteria. Predictions using a characteristic
dimension of 0.011 inch for both the 50/40/10 and 10/80/10
layups are within 6 percent of test results. A bearing/bypass
strength envelope for the 50/40/10 layup using the maximum
stress failure criteria is shown in Figure 63. Predicted
ultimate strength was based on fiber failure; strength
predictions based on shear failures are overly conservative.
Ply shear failures result only in very localized load
redistribution, detectable by increasing nonlinear or
discontinuous load-deflection behavior.
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FU T.700/Cycom 907
Flxu Tsai-Hill Failure Criteria

00 Ply Ref

100
50/40110 Predicted

98' Test

Failure 961
Stress

ksi

94

54
92

Predicted 
Test Flu

52Fail'ure
-. .- - - -- -- -- -" -- Stress

!10/80110 ksi
I " 50

I j I I
0.058 0.060 0.062 0.064 0.066 0.068

Characteristic Dimension, R, - in.
OPS3MIlO-21-A

Figure 59. Correlation of Unloaded Hole Static Tension Strength Test Results
With Prediction: Cycom 907 Resin System

Re- d =0.250

Fxtu O T-700/Cycom 907
Maximum Stress Failure Criteria

0" Ply Ref

F" 100 
1 5/01

FluM 96 Test 50140/10

Failure I - - - - - - - - - - -Stress
ks 92. 

Predicted - 56

. 88 . 52

Test-// Ftu

• --N Tst - 48

Predicted Failure
Stress

- 44 ksi

I - 40
10/80/10

0.018 0.020 0.022 0.024 0026 0028

Characteristic Dimension, R - in

Figure 60. Correlation of Unloaded Hole Static Tension Strength Test Results
With Prediction: Cycom 907 Resin System
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Figure 61. BearinglBypass Load Interaction Strength Envelope:
Cycom 907 Resin System

R d=0.250

- -m

" F y T-70015245C
---.-- Maximum Stress Failure Criteria

0* Ply Ref

92

50140/10

9025
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Fx I
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Stress TFailure-- 5%
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Predicted

10/8010- 44
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Figure 62. Correlation of Unloaded Hole Static Tension Strength Test Results
With Prediction: 5245C Resin System
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Figure 63. BearinglBypass Load Interaction Strength Envelope:

524C Resin System

Correlation of predicted strength with test results for the
50/40/10 layup and Cycom 1808 resin system is shown in Figure
64, based on the maximum stress failure criteria. A
characteristic dimension of 0.018 inch was determined for this

* material.

A summary of unloaded hole static strength theory/test
correlations are shown in Figure 65. Results from these
studies indicate the characteristic dimension depends on
material system, however once the value is determined it can be
used to predict strength of arbitrary layups. No consistent
advantage in using either the maximum stress or Tsai-Hill
failure criteria for predicting unloaded hole tension strength
is evidenced by these studies.
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R, d 0.250

F" T-700ICycom 1808
x Maximum Stress Failure Criteria

0' Ply Ret

96

9'ePr

510/10

FIK 92

Failure Test
Stress I

ksi 90 00

88L
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0.012 0.014 0.016 0.018 0.020 0.022

Characteristic Dimension, Rc - in.o"fi 01k

Figure 64. Correlation of Unloaded Hole Static Tension
* Strength Test Results With Prediction:

Cycom 1808 Resin System

Theory/Test Correlation

Material Failure 50/40/10 Layup 10/80i/10 -Layup
System Criteria Characteristic Dimension fedittd Test

(in.) (ksi) (ks1)
T70Ccm97 Tsai-Hill 0.062 51.2 5.

Maximum Stress 0.023 41.6

T-700/Cycom 1808TsiHl0.9
Maximum Stress 0.018

T7054C Tsai-Hill 0.093 40.6 4
Maximum Stress 0.011 44.7

OPS3O0iO-lO7R

Figure 65. Unloaded Hole Tension Strength Theory/Test
Correlation Summary

Unloaded hole compression strength test results aresummarized in Figure 66; typical failed test specimens areshown in Figure 67. Elevated temperature/wet testing resultedin a strength reduction Of 46 percent for the Cycom 1808 resinsystem~; only a 30 percent reduction in strength for the 5245Csystem was observed.
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Hole Failure Failure Stress Failorm Strain
Resin Environment Layup Specimen Thickness WiCth 0iameter Load (psi

1  
uIn/ini od..eSystem Number (Inchi (inch) (crih {uh) (mmi)

Indiviual Average Indivdual Average

2:4-27 0.247 1.508 0.250 24.760 78.910 6.1780 12.32
Cycom 907 ATO 50/40/10 2_4-28 0.248 1.509 0.250 25.900 82.520 80.160 1.200 7,.020 1249

2-4-29 0.247 1.508 0.250 24.800 79,070 7.080 12.45

2-5-11 0.250 1.502 0.250 19.000 50,820 15,150 5.24RTD 10180110 2-5-12 0.252 1.502 0.290 19,700 63.060 52.100 15.050 15,170 8.17

2-S-S 0.252 1.502 0.250 19.500 62,420 15.300 5.42

3-4-48 0.237 1.500 0.250 27.800 90.850 9.380 11.917
Cycom 1808 RTO 50/40/10 3-4-49 0.237 1.500 0.250 27,450 89.710 89.020 8.300 9.210 12.16

3-4-SO 0.237 1.493 0.250 26,350 85.520 9,950 12.16

3-4-51 0.237 1.501 0.250 14.050 4S,880 3.510 13.96
ETw 3-4-52 0.237 1.492 0.290 13.500 44.350 47,940 3.660 3.590 12.68

3-4-53 0.237 1.491 0.250 16,300 53.950 6.520 12.69

4-4-48 0.205 1.505 0.250 23.100 78.310 9:650 11.49
5245C STO 50/40/10 4-4-49 0.203 1.505 0.250 22,850 77.460 76.800 8.600 8.800 11.30

4-4-50 0.205 1.504 0.250 22,000 74.630 8,250 11.60

4:4-5 0.205 1.509 0.250 16650 56:300 5.140 12.01
ETV 4-4-52 0.205 1.508 0.250 16.550 55,990 53.730 7.410 5,630 12.3S

4-4-53 0.20S 1.508 0.250 14,450 48.890 4,340 12.06

1 4-5-11 0.207 1.507 0.250 16.050 54.300 13.150 4.96
RSTO 10/80/10 4-5-12 0.204 1.508 0.250 16.550 56.030 54.870 13.580 13.100 4.91

4-5-15 0.205 1.509 0.250 16,050 54,270 12,600 5.00

GP4S1O-a?.n

Figure 66. Unloaded Hole Compression Test Results

t

10180110 Layup

~Figure 67. Failed Unloaded Hole Compression Test Specimens
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Unloaded hole compression strength predictions required
evaluating the effect of the installed fastener on laminate
stresses. Shown in Figure 68 are predictions of
circumferential and radial stresses around a fastener hole for
the 50/40/10 layup and Cycom 907 resin system. With a filled
fastener hole, pin propping reduces the maximum circumferential
stress around the fastener hole. Characteristic dimension
values obtained from tension strength theory/test correlation
were used for compression strength predictions. As shown in
Figure 68, unfilled fastener hole strength predictions
correlate well with test results. Manufacturing tolerances
allow a maximum of 0.003 inches of clearance, which did not
permit support of the fastener hole boundary. Predictions of
laminate stresses and strength for the 10/80/10 layup are shown
in Figure 69. For this softer laminate, the fastener provided
a hole propping effect and strength predictions were within 13
percent of test results.

2
Circumferential Stress

________Filled Hole

Gla0-% -

0. 0

-2-

.00 Raia rCircumferential Stress%
Radial Stress Unfilled Hole

3 - Filled Hole __________ ____ ___

-4 _ 1 _ _ __
0 20 40 60 80 100 120 140 160 180

0

"' Static Strength
D=0.25 in. - (psi)

t Predicted

Tsai-Hill Failure Criteria Test
. 0 RC = 0.062 in.

--". ... Unfilled Hole 79.500

"/0 = 6 Filled H ole 126.100 80 .160

,G PS3-0910-8-R

Figure 68. Correlation of Unloaded Hole Static Compression Strength Test Results
With Prediction: 50140110 Layup
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- Circumferential Stress
Filled Hole

1 IL

al o -

-2 0,,0

-3 - 1

Radial Stress Circumferential Stress
Filled Hole Unfilled Hole-4

0 20 40 60 80 100 120 140 160 180

W Static Strength
W/D=6 (psi)

Predicted
O _Tsai-Hill Failure Criteria

-0 o RC Mo.062 in.
Unfilled Hole 30,400 6,0

D Filled Hole 54,000
, D=0.25 in. _ _ _ _ _ _ _ _ _ _ _ _ _ _

GPS-09104,T-R

Figure 69. Correlation of Unloaded Hole Static Compression Strength Test Results
With Prediction: 10180110 Layup

The unloaded hole fatigue test specimen is shown in Figure
70. The test objective was to cycle specimens to failure, even
though there were instances where high stress levels were

. required to prevent long lives due to the excellent fatigue
characteristics of advanced composites. The common approach of
testing to a prespecified life and design limit load, followed
by static testing to failure does not identify durability or
fdilure modes, and does not provide data for fatigue lifemethodology development. Constant amplitude fatigue tests were
conducted for the 50/40/10 layup and two stress ratios;
tension-compression (R=-l) and compression only (R=- on).
Failure was always catastrophic rupture of the specimen.

Tests were conducted at 5 to 10 cycles per second.
Temp3ratures were maintained at 75°F for the duration of the
test by directing refrigerated air on the specimen.

- -r
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7.00

0 -25 0.0 0014 Dia Hole
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I +45- 90"0.750:*I
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Figure 70. Unloaded Hole Fatigue Teat Specimen

Test results are summarized in Figure 71; a typical
specimen failure is shown in Figure 72. Fatigue lives under
R--l constant amplitude fatigue for the three high strain resin
systems are shown in Figure 73. Shown for comparison are
results for AS-1/3501-6 (Reference 10). The solid symbols in
Figure 73 at 1 cycle represent static tension strength; open
symbols represent static compression strength. Trend lines are
included for each material system. The Cycom 1808 system
indicated an order of magnitude improvement in life relative to
the baseline 3501-6 resin system.

Resin Stress Load Strose Specimen Thickness WIdth Is1 eLie

System Ratio Level Level Number (lnch) (lrch) Diameter (Cycles to Failure)

(1 ) (ki ) (inch)

Cycew 907 -1 22.22S 73. 2-4-3 0.247 1.403 0.210 G00

21.100 66.6 2-4-4 0.24S 1.107 0.250 3.430

10.721 $9.6 2-4-9 0.245 1.510 0.250 61.680
2-4-0 0.24S 1.510 0.250 9,310

-. 23,62S 71.4 2-4-11 0.2S0 1.S09 0.2S0 260
2-4-12 0.240 1.04 0.2S0 30

23,300 74.3 2-4-13 0.240 1.508 0.250 2.130

22.S00 71.6 2-4-14 0.245 1.11 0.2S1 1,494.7S0

Cycee 100 -1 20.700 67.5 3-4-S 0.242 1.502 0.2S0 12.600
3-4-6 0.242 1.504 0.210 24.500

17.700 17.8 3-4-7 0.241 1.499 0.250 151.000
3-4-8 0.240 1.502 0.250 113,680

-- 24,4S0 79.8 3-4-17 0.236 1.500 0.250 1,1S0
3-4-10 0.237 1.104 0.210 1040

22.000 74.4 3-4-19 0.238 1.503 0.210 1.630
3-4-20 0.237 1.103 0.250 1.20

S24SC -1 18.900 62.9 4-4-S 0.207 1.S33 0.2S0 23.580
4-4-6 0.208 1.S31 0.250 IS.160

16.310 14.6 4-4-7 0.208 1.122 0.2S0 S2.400
4-4-8 0.201 1.S22 0.2S0 40.190

-- 21,|S0 71.0 4-4-17 0.20S 1.121 0.249 86.040
4-4-16 0.20S 1.S20 0.2S0 3,370

20,250 68.3 4-4-19 0.208 1.$20 0.2S0 207,490
4-4-20 0.208 1.104 0.250 11,620

OPSOO4-R

Figure 71. Unloaded Hole Fatigue Test Results Summary
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OPS3-OO1O-39-R

Figure 72. Failed Unloaded Hole Fatigue Test Specimen

Cycom 1808 03501-6

Stress
Amplitude52C

ksi

3501-6-

1 10 102 103 10410 106
N - Cycles to Failure P3WO6-

Figure 73. Unloaded Hole Fatigue Test Results: R =-1
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Selected specimens were examined nondestructively by X-ray
photography to observe the type and location of damage during
different stages of fatigue life. Figure 74 contains
photographs of a specimen fabricated with the 5245C resin
system. Examination of fatigue damage was conducted at
one-quarter and one-half of expected life. Matrix cracking in
the 900 ply can be seen by fine horizontal lines; cracks in
the 00 ply can be seen by vertical lines; +450 ply cracking
can also be observed. The white areas are ply delamination
zones. Generally, initial damage was matrix cracking at the
hole boundary which grew rapidly along the fibers. This was
followed by extensive delamination in areas which had
accumulated extensive matrix cracking. Matrix cracking and
delamination interacted to reduce matrix support and produce
eventual crushing of the test section through the hole under
compression load. The behavior is similar to that observed for
the baseline 3501-6 resin system (Reference 11).

Quarter Life Half Life

(4,840 Cycles) (9,680 Cycles)

Specimen 4-4-9
T-70015245C
50/40/10 Layup

*1 R= -1

83% Fcu; 69% Ftu
GP53-O910-41-R

Figure 74. X-Ray Photographs Showing Progression of
Cracking and Delamination

Test results for compression only fatigue are shown in
Figure 75. Stress amplitudes in excess of 90 percent of static
strength were required to obtain specimen failures. Life
scatter was greater than that for reversed loading tests.
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60

40 1 1I! 1 1 1 1 LII 1 1 1 W1 1 I I I 1
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OPS3-O1.17.R

Figure 75. Unloaded Hole Fatigue Test Results: R -oo

c. Loaded Hole: Static and Fatigue - Pure bearing tests
were conducted using the specimen shown in Figure 76; the pure
bearing specimen test setup is shown in Figure 77. With this
setup, the bearing load is introduced in double shear to obtain
uniform bearing stress through-the-thickness of the laminate.
Straight shank steel pins were installed with no torque-up to
avoid introducing transverse normal forces on the laminate.

,7.50

3.75 11.125
/-0 Strain Gage

90 5* t 5"

Z- 0.3750+0.004 Dia Hole

50.3745 . 0 Dia Protruding Head Bolt

MEMM-w _L 40 Plies

Figure 76. Pure Bearing Test Specimen
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-~ Steel Load

H-3 H 300 
Block

SteelLoad1114Bushing for
Block Load Block

Bolt, Nut,
Washer, and

Strain Bushing Details Steel
Gage Bolt

,~~es pecimen"" • _
Gage SpecimenFlat 

Washers as
Required to Keep
Face of Bushing

, ,Flush With Surface

Hydraulic Grip of of Load Block

Test Machine Bolt, Nut, (Typical 2 Places)

II Washer, and
L Bushing Details Test Specimen

. GqlOP t 01-67-R

Figure 77. Pure Bearing Specimen Test Setup

Test results are summarized in Figure 78; a typical
specimen failure is shown in Figure 79. In all cases, failure
was localized crushing of the laminate directly in front of the

fastener. Layup and material system had little effect on
strength. Elevated temperature/wet test conditions reduced
laminate bearing strength by 29 percent for Cycom 1808 and 38
percent for 5245C.

8earth 0 
Stress

Ho & Fallure at F*lIre Failure Strain
Hesln Environment Layup Specien hickness Width Dimeter 1o40 (psi) (iln/in) Modulus

Sytem Nuamber (mnch) (Inch) (inch) ilb) I un a g1nIf I0,Oul Average !ndivtduil Avortgo

2-4-30 3.246 2.2S6 0.37S 7,770 99.620 1.320 12.95

Cyco. 907 RTO 50/40/10 c-4-31 0.24S 2.261 0.375 7.910 101:920 102,220 1.300 1.330 13.19

2-4-32 0.245 2.761 0.375 8,200 105.130 1,370 12.90

2-5-23 0.252 2.259 0.375 7,700 98,650 3:130 5.31

RID 10/80/10 2-5-24 0.251 2.259 0:375 7,750 99.360 99.760 3.110 3,150 5.37

2-5-25 0.253 2.261 0.375 7.900 101.280 3.200 5.31

3-4-1 0.238 2.254 0.375 7.900 lC3,200 1.340 12.74

Cycoc 1808 P.TD 50/40/10 3-4-2 0.252 2.250 0.375 7.450 97.390 100,090 1.250 1.300 13.05

3-4-3 0.252 2.2S5 0.375 7,630 99,670 1,300 13.28

3-4-4 0.238 2.252 0.375 5.830 76,210 960 13.15

ETW 3-4-13 0.239 2.254 0.375 5.540 72,160 71,290 960 920 12.71

3-4-14 0.247 2.253 0.375 5.020 65.490 820 13.23

4-1-1 0.208 2.257 0.375 7,660 104,220 1,230 13.05

.245C RTD 50/40/10 4-1-2 0.204 2.258 0.375 7.750 105.440 104,290 1.310 1,260 13.35
S 4-1-3 0.205 2.256 0.375 7.590 103.200 1,250 12.56

4-4-4 0.222 2.256 0.375 3960 53880 710 13.15

:ET 4-4-13 0.210 2.256 0.375 4670 63540 64670 730 760 14.17

4-4-14 0.210 2.257 0.375 2.260 76.600 840 14.60

4-5-23 0.209 2.254 0.375 6:900 93.080 2,980 5.24
6T0 10/80/10 4-5-24 0.206 2.259 0.375 6.980 94.900 92.290 2.470 2,720 5.37

4-S-25 0.206 2.237 0.375 6.480 88.100 2.700 5.29

Figure 78. Pure Bearing Test Results
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GP53-010-40-R

Figure 79. Failed Pure Bearing Test Specimen

.

~layups with the Cycom 907 resin system are shown in Figure 80.
~The characteristic dimension was selected from theory/test

correlations of unloaded hole tension strength. Predictions
were made using the Tsai-Hill failure criteria; failure ratios
given in Figure 80 indicat ue relative contribution of each

.- .stress component in overall ply failure. For both layups,
initial ply failures were predicted well below ultimate,

lq •primarily as fiber compression failure. This failure is not
~catastrophic, resulting only in a local redistribution oftbearing stresses. Predicted ultimate 50/40/10

,. layup is within 7 percent of test, primarily as matrix
compression directly in front of the bearing area. Predicted

rultimate strength of the 10/80/10 layup is within 14 percent of
test, with failure predominately as matrix shear. Conservatism
in predicted strength reflects the conservatism in intralaminar

Sshear strength allowables and due to the local redistribution
of bearing stress during material failure.
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120
9 - 450 Plies T-700/Cycom 907

at _Or 400 Tsai-Hill Failure Criteria

8 , Failure Ratios: 1c00.062 in.0. 8 -- 1: 0.46 - 0
a= 2: 0.88

' 70.01

± 450 Plies Test 80
6 - atO cr- -400

Failure Ratios: ±450 Plies at Oc = _e5n
Bearing 5 - 1:0.88 Failure Ratios: Bearing

Load 2: 0.46 1:0.00 60 Stress
103 lb 4 - 3: 0.01 2: 0.45 Failure Ratios: ksi3: 0.90 a C't

3 ± ±450 Plies at Ocr-00 1: F -- 40

Failure Ratios: oc.
2 2: 0.442

10/80/10 3: 0.00 3: '12 20
"1 50/40/10 T12

0 0 1 1 1 0
0 0.010 0.020 0.030 0,040 0.050

Deflection - in.
-. . GP53-0910-78-R

Figure 80. Correlation of Pure Bearing Static Test Results With Predictions,5-

Constant amplitude fatigue tests were conducted for each of
the three high strain resin systems using the fiber dominated
50/40/10 layup. Two stress ratios were used:
tension-compression (R=-l) and compression only (R=- -)
Specimens were cycled until a total accumulation of 0.02 inch
hole elongation was reached. Stiffness and deflection was
monitored periodically during test using the set-up shown in
Figure 81. Hole elongation measurements were obtained using
the data reduction procedures shown in Figure 82. Typical
accumulation of hole elongation with fatigue cycling is shown
in Figure 83. For much of the specimen life, little or no hole
elongation is observed until there is a rapid increase near the
end of life.
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-4,

Clevis He ad
1 7 Defle ction
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Specimen

OP53-09105-R P

Figre 1.Joint Load-Deflection Test Set-Up

Tension

5 I 
Rate

IClevis Head . Hole

Deflection Wear

I ILocal Load =0
'Dfection

Specimen
Compression Spring

/ Rate

P Load vs Displacement Curve
0P53-010S-&R

Figure 82. Hole Deformation and Joint Flexibility Monitoring
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0.05 1 03-4.15

T-700/Cycom 1808 A 34-16

0 34-25

0.04 - 0 34-26

0.03
Hole 63.7 ksi

Elongation 71.4 ksi

i. 0.02

0.01

0
1 10 102  103 104 105  106

N - Cycles
0P53-1O-14.R

Figure 83. Pure Bearing Fatigue Hole Elongation Measurements: R = -1

Pure bearing fatigue tests are summarized in Figure 84.
Specimen failures were similar to a static pure bearing
failure. Material stress-life test results for R=-l fatigue
are shown in Figure 85. Test results demonstrate improvement
with Cycom 1808 and Cycom 907 over the 3501-6 system. The
5245C system demonstrated reduced fatigue lifes. For all resin
systems, the accumulation of hole elongation followed the
behavior shown in Figure 83.

Resin Stress Load Bearing Specimen ThiCkness Widt Hole Na.ber of Hole Elongation
Syste' Ratio Leel Str-e Number (inch) Cinch) Dia.eter Cycles ( 1ih)

(1b) (ksl) (inch)
Cycon 907 -1 5.460 70.0 2-4-33 0.247 2.259 0.375 12,000 0.0217

2-4-34 0.249 2.260 0.375 18.600 0.0196

6.630 85.0 2-4-35 0.245 2.260 0.375 780 0.0200
2-4-36 0.244 2.259 0.375 500 0.0198

-- 6,240 80.0 2-4-37 0.243 2.257 0.375 250,000 0.02'1
2-4-38 0.243 2.260 0.375 120.000 0.C183

7,200 92.3 2-4-39 0.245 2.255 0.375 190.000 0.0183

7.500 96.2 2-4-40 0.745 2.256 0.375 S,000 0.C149

Cycom 1808 -1 5,460 71.4 3-4-15 0.236 2.253 0.375 9,380 0.0200
3-4-16 0.238 2.256 0.375 6,220 0.0220

4,875 63.7 3-4-25 0.237 2.25S 0.375 29,F40 0.0241
3-4-26 0.238 2.252 0.375 30,000 0.0222

-- 6,240 01.6 3-4-27 0.237 2.255 0.375 25,000 0.0196
3-4-20 0.240 2.25S 0.375 10.0CO 0.0166

6,630 86.7 3-4-43 0.2'Q 2.255 0.375 55.000 0.0167

7,20C Q4.) 3-4-44 0.240 2.253 0.375 10.000 0.0198

S245C -1 5.460 74.3 4-4-IS 0.206 2.256 C.375 70 0.0222
4-4-16 0.205 2.25 6 0.35 S .070 0.0364

4.60O 63.7 4-6-25 0.206 2.256 0.375 6.470 0.0277
4-4-26 '.205 2.257 0.375 6.340 0.0227

- 6 6.240 04.9 4-4-27 0.205 2.255 0.375 20 C.042S
4-4-28 0.205 2.258 0.375 (i 0.0209

4,680 63.7 4-4-43 0.204 2.256 0.375 33,910 0.0193
4-4-44 0.207 2.253 0.375 148.110 0.0219

Qp"41044-ft

Figure 84. Pure Bearing Fatigue Test Results Summary

60
.1



S..' ~~~~120 _____ __ ___

0 T.700/Cycom 907
,& T-700/CYCOM 1808
[3 T-700(5245C

1100 1 AS-1/3501-6

Stress "bl yo 0
Amplitude 80 

_____

-~ksi 25t

60

0 IL I.IL1.L.
110 102 103  104 105 106

N - Cycles to 0.02 in. Hole Elongation OPS34NI-16-R

Figure 85. Pure Bearing Fatigue Test Results: R = -1I

Compression only fatigue (Ru---) test results are shown in
Figure 86. Cycom 1808 and Cycom 907 resin systems demonstrated
similar fatigue lives, with the 5245C system having
significantly less life. Accumulation of hole elongation with
fatigue for both the Cycom 1808 and Cycom 907 resin systems was
gradual as shown in Figure 87. Conversely, the 5245C system
exhibited little or no hole elongation up to the point of rapid
accumulation, as shown in Figure 88.

-41

o T-700/Cycom 907
A& T-700ICycom 1908
03 T-70015245C

100111

Stress
Amplitude52C

ksi

80

'60

1 10 102 103 10i0 5  106
N - Cycles to 0.02 in. Hole Elongation

GP6341O0l3-RFigure 88. Pure Bearing Fatigue Test Results: R =-oo
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0.05
T-lOOICycomn 907

02-437
0.04__ _____ & 2.4-38

132440

0.03 _____

Hole
Elongation 

8. s
i 0.02962si

0.01

03 T
0

110 102 103 10410 106
N - Cycles

GP534VIO -12-N

Figure 87. Pure Bearing Fatigue Hole Elongation Measurements:
Cycom 907 Resin System

0.050442

T-700/5245C A 4-4-28
~[3 04-4-43

0.04 -4--44-

Hole 00

Elongation 84.9 ksi 63.7 ksi
in. 0.0

0.01

0
110 102 103 104 105 106

N -Cycles
OP63N-91-

Figure 88. Pure Bearing Fatigue Hole Elongation Measurements:
5245C Resin System

62



d. Low Energy Impact - Low energy impact damage tolerance
tests were performed for each of the three tough resin systems
using the specimen configuration shown in Figure 89. Damage
tolerance was evaluated nondestructively to determine damage
size, and then evaluated on the basis of compression strength
after impact. The impact arrangement is shown in Figure 90, in
which a rigid picture frame was clamped to the specimen leaving
a 3 inch square impact area. An impact energy level of 13
ft-lb was used for all tests.

-+ 45"
2.00/ 0 Strain Gage

20 4.00

Location of
Impact

1.75 3.50 -

GPS3-401051R 40 Plies

Figure 89. Compression Strength After Impact Test Specimen

.4..
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I- - I

°_--Frame--Impact

4 Location

Test
Specimen

3 4"

Impact Energy_- 13 ft-lb
Level -(750 jn.-Ib/in.)

OP53.U1042-A

Figure 90. Low Energy Impact Test Arrangement

The C-scan damage size after impact for the 50/40/10 layup
is shown in Figure 91 and for the 10/80/10 layup in Figure 92.
The Cycom, 907 system demonstrated the best tolerance to low
energy impact as anticipated. Damage size for the Cycom 1808

* and 5245C resin systems was practically the same.

compression strength after impact was determined using the
I" test arrangement shown in Figure 93; test results are shown in

Figure 94. Back-to-back strain gages were averaged to tabulate
failing strain. Test specimen failure, shown in Figure 95,
occurred directly through the impact damage area.

A comparison of compression strength after impact is shown
in Figure 96. Both the Cycom 1808 and 5245C resin systems
demonstrated approximately a 60 percent reduction in
comprression strength after impact while reduction for the Cycom
907 system was approximately 30 percent.
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-450 +450

-)900 14

Lw Energy
Impact Location

--- --- --- --- (750 in.-b/In.)

Unsupported
Area

7.0

-4. T-700/Cycom 907
* Test Specimen

S Arrangement
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45* 0 +45o

Low Energy
Impact Location

---- ---- ---- --- (750 in.-Ib/in.)

Unsupported
Area

7.0

19 4.0-

Test Specimen
Arrangement

T-lOOICycom 907 T-70/5245C

Figure 92. Low Energy Impact Damage: 10/80110 Layup
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________ U--.

'.7
----- --- !

! .q

4,0

° mmi.III~i
"'PS3-O910-46-R

Figure 93. Residual Compression Strength After Impact
Test Arrangement

Failure Failure Stress Failure Strain Nodulus

9sfCn Layup SpecImen rhlceness WiCth Load 10s1) [in/in) (ns)
_ Syste. Nuember (inch) (Inch) (Ib)

Individual Average Individual Average Individual Average

2-a-1 0.244 3.971 57,050 69.1 5,940 12.16

CyCoM 907 50/40/10 2_4-6 0.248 4.010 - - 70.1 - 5.970 - 12.17

2-4-16 0.244 A.001 59.110 71.0 S,990 12.19

2-5-6 0.249 4.006 46.090 53 14:010 4.91
10/80110 2-S-8 0.249 4.007 47.930 52.7 54.7 11.650 12.720 5.22 5.08

2-5-14 0.250 4.005 46,680 56.0 12.450 5.10

3-4-12 0.241 4.006 39,250 48.0 3.560 12.38

Cycom 1808 50/40/10 3-4-24 0.236 4.006 37.720 46.2 46.9 3.710 3.660 12.17 12.34

3-4-36 0.238 4.004 37.920 46.4 3.170 12.47

4-4-12 0:203 4.003 34,430 43.9 4.000 11.20
5245C 50/40/10 4-4-12 0.205 4.004 36.110 46.0 44.0 3,740 3.760 11.70 11.68

4-4-36 0.202 3.99S 32,900 42.0 3.530 12.13

4-5-1 0.208 4.005 25.810 32.9 6,940 4.71

10/60 4-5-6 0.206 4.002 24.a10 31.6 32.0 6,550 6.660 4.92 4.90

4-5-8 0.199 4.000 25,040 32.0 6,480 5.08

Specimen Number 2-4-6 failed In the grip area GP53O-83-

Figure 94. Compression Strength After Impact Test Results
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t- -5. MULTIFASTENER COMPOSITE-TO-METAL JOINT - Static tests were
conducted for a three fastener metal-to-composite splice joint
to demonstrate analytic capabilities for predicting fastener
load distributions and laminate strength under combined bearing
and bypass loadings. Only the Cycom 907 and Cycom 1808 systems
were used in this series of tests. The test specimen used in
this evaluation is shown in Figure 97, for which a data base on
AS-1/3501-6 currently exists (Reference 2). This tapered
specimen utilizes three countersunk 0.375 inch diameter in line
fasteners to transfer load from a stiff steel loading block to
the composite test coupon. The tapered joint was designed to
distribute load between fasteners. The taper of the composite
coupon was achieved by dropping selected plies along the
length; laminate stacking and drop-off sequence is shown in
Figure 98. A layup of 50/40/10 was approximately maintained
throughout the specimen.

Static tension test results are shown in Figure 99. No
significant difference was observed in strength or mode of
failure between resin systems. A typical failed specimen is
shown in Figure 100. Failure was net section at the fastener
location with highest bypass stress.

A bearing/bypass strength envelope for T-700/Cycom 1808 is
shown in Figure 101. The value of Rc for this material
system was determined from unloaded hole tension strength
theory/test correlation. Dashed lines represent predicted ply
shear and matrix failures. These predictions result in overly

. conservative estimates of laminate strength. The solid line is
predicted fiber tension failure, representing a net section
failure of the composite laminate. Laminate failure is
predicted to occur at the first fastener in the joint, which
transfers 44 percent of the applied load. Knowing the percent
load transfer at this fastener location, predicted load at
failure can be determined from the strength envelope.
Predicted joint strength compares well with test results.
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0.34+ -0.0000 Dia Countersunk Bolt

70 Plies

9,75
5.750 -

2675~w
I ~~j1.325

1.700 + 4

\0. 3750 +0.0014 Dia Hole
-0.0000

0.50 R Typical Three Places

1II40.6150 1 0

4130 Steel HT 180 ksi per PS 15015 t
Loading Block

- 9.89
-4.76
- 3.825

-2.475-j_ __ _

1 900 +450

1.500

\ 0.3750 a0.001 Dia Hole

50 PliesTypical Three Places

1000 Countersink

- \T-o Side
70 Ilies

Laminate GP$3Og10.14-

Figure 97. Multifastener Structural Component Test SpecimenI 70



Ply orientation Ply orientation
Number Number

1 +45 1 +45
2 0 2 0
3 -45 3 -45
4 0 4 0
5 90 5 90
6 0 6 0
7 +45 7 +45

10 0 9.___________ Ref a 0_______

11 +45 9.9e -40
13 -45 1

14 0 11 4
16 0 I12 0
19 -0 13 -45

20 0 S0OPlies Is90
21 +45 0.260 Ref 15 0
24 0 70 Plies 17 +45
26 0 0.364 Ref 18 0
27 +45 I .19 -45

28 0 200
29 4.64e5__ 27 +45

38 0 22 0

3 0 29 -45

42 -45 A2

42 04 30 0
44 +4 31 +46
45 4 32 047 33 90

470 34 0
so +45 as -45
51 0 36 -45
52 -45 370

50 3890

so 9 39 0
57 0 4 4

s AS41 0
so +542 -45

61 0 43 0
64 +45 4 4
65 0 45 0
66 90469
67 0 470
so -45 08-4
69 0 49 0
70 +45.s 4

51 0
52 -45
53 0
54 +45
55 0
56 90
57 0
58 -45
59 0
60 +45
61 0
62 -45
63 0
64 +45

1*e6 0
66 90
67 0
68 -45
69o
70 + 45_

OPS3OI10-63-14

Figure 98. Laminate Stacking Sequence and Ply Drop-Off Schedule
for Tapered Specimen
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First Fastener
Fail.-e Stress FailuIre Strain

Resin Specimen Thickness Width Faihu, (kSi) ihi/ih) Stress Bearing Stress
Systa.l Numoer (Ii ch) (inch) Load at Failu~re at Failue

(1,- Injivi0oal Avrage Individual Avnraqe (kSl) (k5i)

Individual Average Individual Average

2-6-1 0.436 .508 29,100 53.0 2,490 56.Z 99.9
Cyco. "37 2.6-2 0.437 1.507 29,400 53.6 53 .1 2,550 2,510 56.8 56.4 101.0 100.2

2,6-3 0.43S 1 .508 29.000 52.6 2,500 56.0 99.6

3,5-S 0.433 1.508 29,400 54.6 2,710 $7.9 103.0
Cyco. 1809 3-5-2 0.432 1.509 29.300 54.4 54.5 2.810 2.670 57.2 50.8 102.6 102.7

3-5-3 0.434 1.509 29.300 54 .4 2.:4 90 57.7 102.6

Figure 99. Multiastener Joint Static Test Results G54I--

3P53-010,38R

Figure 100. Failed Multifastener Joint Static Tension Test Specime n
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" F + F
b
r 8 Ft

0.26 P 0.30 P 044 P

Bolt Load Distribution D-ia=0.375 in. CSk

, "I I I
Joint Strength T-700/Cycom 1808

Predicted: 29.480 lb Maximum Stress Failure Criteria
Test: 29,330 lb Rc- 0.018 in

80 0* ies Fiber Tension

; ypssJ ' , ,, Filure ai Oc,= 900

Bypass
Stress lo 5PleSha *Pis ha

kSi%., Failure at 8,- 900 Failure at 0,c= 50
.  Predicted Bypass

ksi and Bearing Stress
40 at Fai

Pred-cted Ratio O b •
• " ~ ~~~~~~~~~of Bearing and " ,I /,,,,,"" ""F -

-r'" Bypass Stress = / ,, =

in Multifastener Joint
at Fastener #1 -t 450 Plies Maxurix Compression

0Failure at Ocr= 45.

0
0 20 40 60 80 100 120

Bearing Stress, Fr - ksi
GP53-09104-R

Figure 101. Multifastener Joint Static Strength Prediction

Fatigue tests were conducted for both the Cycom 907 and
Cycom 1808 resin systems. Tension-compression (R--l) cyclic
loading was conducted at two stress amplitudes, with a
replication of two. In fatigue testing of the multifastener
joint there is a small range in stress level where laminate
rupture or accumulation of hole elongation precedes fastener
failure (Reference 2). Fatigue test results, conducted at 72
and 77 percent of static ultimate strength, are summarized in
Figure 102; a comparison of test results are presented in
Figure 103. Fatigue failures were of two types: (1) for the
lower stress level failure was net section (rupture) at the
first fastener location, as shown in Figure 104; (2) for the
higher stress level failure was excessive accumulation of hole
elongation; specimen failure is shown in Figure 105. Results
from measurements of the accumulation of hole elongation with
fatigue are shown in Figure 106; failure was defined to be 0.02
inch of total hole elongation, which was the cumulative
contribution from each of the three fastener holes. For these
limited tests no difference in material systems was observed.
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I~~~~~~~~~~~~~is Fastene.-~-w ~ ~ .. w.r . wn WWflT WiW WWan --

11 o dS ecln T ik's itsl - b ro

PSt: e 1 Srs erig M br IInhI (nc oso a lr

I ) ee Srs

.1i) (k l

Resin Lo0 d 21.000e Ti0.8h 72.1l 2-6-4e 0.3o.0f260No eto

2-6-5 0.439 1.507 4.860

22,500 43.7 77.3 2-6-6 o.436 1.507 2.308 Mole Elongation --
2-6-7 0.435 1.S07 2.200 0.0217 Inch

Cyco. 1808 21.000 41.6 73.5 3-5-4 0.433 1.508 4.970 Met Section
3-5-S 0.432 1.508 4.420

22.500 44.6 78.8 3-S-6 0.431 1.506 1.192 Hola Elongation 00181 Inc,
3-5-7 0.434 1.507 1.090 0.0175 nS

GP53-1081-R

Figure 102. Mulifastener Joint Fatigue Test Results Summary

35 *

I[ T.700/Cycom 108
30 1Stress ratio = 1

Static Strength ___________________ I______________________
25 Mode of Failure- ______

Hole Elongation A C30

Load 20 Net Secti on- ___

Amplitude Fastener Fatigue0 (D m
103 lb 15f

-. 10

5

1 10 102 103  104 105

Cycles to Failure, N
Gps3.M1lo1io11

Figure 103. Muitifastener Joint Fatigue Test Results
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72% Ft P53-010-10

R = - 1

Figure 104. Multifastener Joint Net Section Fatigue Failure
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4 
77%/ Ft

R = - I P53-0910-3-A

Figure 105. Multifastener Joint Hole Elongation Fatigue Failure
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

An evaluation procedure was demonstrated which details
tests, test methods, and analysis methods required to conduct a
structural evaluation. The procedure includes test evaluation
of basic lamina properties, static and fatigue testing of
laminates with and without stress concentrations, evaluation of
tolerance to low energy impact damage, and static and fatigue
testing of a multifastener metal-to-composite splice joint.
Also included in the structural evaluation are analytical
methods to predict unnotched and notched laminate strength and
mode of failure based on unidirectional ply mechanical
properties. Four high strain fiber and resin composite
material systems were evaluated using this procedure.

1. CONCLUSIONS

Based on the work conducted in this program.

1) The high strain fiber and resin systems demonstrated
significant strength improvements in unidirectional mechanical
properties relative to a baseline 3501-6 carbon/epoxy system.

2) Laminate strength and stiffness can be predicted using
basic lamina mechanical properties and classical lamination
plate theory for high strain fiber and resin composite material
systems.

3) Unnotched laminate strength predictions using the
interactive Tsai-Hill failure criteria demonstrated better
correlation with test results than those using the
noninteractive maximum stress failure criteria.

Unnotched laminate strength predictions are more
conservative as the interlaminar shear stress component in the
Tsai-Hill failure criteria becomes large. Ply intralaminar
shear strength determined using the +450 shear test specimen
was conservative, due to the failure mechanisms inherent with
this test method.

4) The characteristic dimension (Rc) failure hypothesis
is valid for notched laminate strength predictions of high
strain fiber and resin composite material systems. The value
of Rc was found to be dependent on material system, although
once determined can be used to predict laminate strength for
various layups.

5) Unloaded hole fatigue durability was improved over
baseline 3501-6 systems by an order of magnitude. Pure bearing
fatigive durability and the accumulation of hole elongation was
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material dependent and was not necessarily improved over the
baseline 3501-6 system.

6) Multifastener joint strength can be accurately
predicted by extending the characteristic dimension failure
hypothesis and unloaded hole theory/test correlation to
laminate strength predictions under combined bearing and bypass
stress conditions.

2. RECOMMENDATIONS

The results of this program demonstrated the capability of
the evaluation procedure to provide early insight into the
improved structural efficiency of advanced carbon/epoxy
material systems. However, additional work in the following
areas is recommended to further improve and predict the
performance of composite materials.

1) Although the ±450 test specimen is well recognized as
a method for determining ply intralaminar shear mechanical
properties, strength values are generally conservative due to
inherent failure mechanisms. In addition, with the advent of
tougher resin systems and their associated effect on failure
mechanisms of the +450 test specimen, comparison of material
systems is difficult. Other test methods (Reference 12) should
be evaluated as an alternative.

2) Accumulation of hole elongation with fatigue is a
limiting factor in the efficient application of bolted joints
in composite structures. Failure mechanisms and material
properties, and their relation to joint fatigue life, should be
further studied.

3) In addition to higher strain carbon fibers,
intermediate modulus fibers should be investigated in
combination with high strain resin systems. Their associated
effect on strength, failure modes, durability, and damage
tolerance should be evaluated.
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