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SECTION I

PROCESSING AND EVALUATION OF COMPOSITES

1. FAILURE RESISTANT COMPOSITE CONCEPTS

a. Test Methodology

1) MODE I (PEEL) Test

Work was initiated to develop a test that evaluates

the interlaminar fracture of graphite composites. Composites

have low interlaminar strengths in comparison to their strengths

parallel to the fiber. Often, interlaminar failure initiates

from regions of stress concentration such as holes or resin
cracks and proceeds by delamination. An increase in the fracture

energy of the matrix resin should improve the interlaminar

toughness of the composite. In order to effectively accomplish

this evaluation,a test was developed. This Mode I (PEEL) test
is described below.

A graphite/epoxy composite of some minimum thickness

is cut 1" x 9" with a starter crack at one end I" x 1". The

specimen is tabbed with a tee (see drawing).

Some modifications have been made to the initial Mode I test as

far as the actual test is run, data reduction, and the equation

used to calculate the critical strain energy release rate (GIc).

A description of the test is described in the Journal of Rein-

forced Plastics and Composites yet to be published, entitled,

"A Double Cantilever Beam Test for Characterizing Mode I Delam-

ination of Composite Materials" by Whitney, Browning, and

Hoogsteden, Air Force Wright Aeronautical Laboratories (AFWAL).

...1_ -2



A considerable number of materials have been tested.

These include thermoplastics on graphite cloth such as polypheny-

lenesulfide (PPS) and polyetheretherketone (PEEK) as well as

interlaying some rubber toughened epoxy adhesives (AF-163 u) in

the center tested ply. Significant improvement was measured with

these mentioned systems over tne standard graphite/epoxy control.

The data generated to date is shown in Table 1.

Additional information and data on angle ply composites

are contained in a paper entitled "Determination of G C in Angle

Ply Composites Using a Double Cantilever Beam Test Method", by

Nichalls, Gallagher, Whitney, and Browning (AFWAL), yet to be published.*

The results of this work now allows us to use this

Mode I delamination test as a standard method to evaluate composite

interlaminar fracture toughness.

2) Mechanical Testing

Routine mechanical testing was accomplished on

supplied composite and neat resin samples that were under

development and evaluation. The tests performed on these materials

included tensile, four-point strain gaged flexure, four-point

shear, mode-one peel, three-point flexure, as well as micro-

tensile tests. Specimens were instrumented and tested at am-

bient and elevated temperatures.

The design and machine work was started on a weldable

strain-gage dual bridge extensometer for the testing of micro-

tensile specimens at ambient and elevated temperatures.

In this period a special radius supported micro-

tensile grip was designed and machined for the testing of compact

tension specimens in order to obtain more consistent gage failures

in various resin systems that are produced in this laboratory.

A cross-head travel limit alarm system was also built

and installed on the TTLC 10,000 pound Instron test machine to

prevent damage to the test fixtures and the test machine itself.

2
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Electronic repairs were made on the Instron Models

1123, 1115 and TTC test machines to correct electrical malfunctions

in order to keep the various test programs in operation.

Special mode-one peel test loading fixtures were

machined for the testing of various composite materials to study

the effects of crack-growth. In order to do this work a Satec

LVDT was modified to measure the deformation of the specimen

while it was under load.

An initial computer test program format was started

for the automatic data acquisition and reduction system that will

be interfaced with Instron test machines.

3) Composites Fabricated

Material Lay-up Orientation No. of Plies Size

T-300/5208 [+302/902] s  12 ply 10" x 10"
[+304/ 9041 s 24 ply

41 [+30 4/ 9 0 1 s 18 ply "

[+306/90]s 26 ply "

AS1-3502 [00]24 T  24 ply 12" x 12"

T300/6K/E767 [0 °]16T 16 ply 6" x 12"

AS1-3502 with [0"]21 T  24 ply 6" x 12"
mylar at midpoint

(1" wide strip)
mode #I test

1 w/scrim cloth

at midpoint 10 124T

OCF glass " 10124T

T300/5208 [01/+15/90]s 8 ply 10" x 10"

t[0/+30/90] s  8 ply

[1+45/0/901 s

[+302/901 12 ply

1+30/90/+30/901 a



Material Lay-up Orientation No. of Plies Size

T300/5208 [+30/90/90/+301 s  12 10" x 10"
" [+30/903/+30/90] s  16

[+30/90/+303/903] s  24

[+303/904/+30]s  24

[+30/904/+303]s 30

[+30/+601 8

[+302/+602 s  16

T300/5208 [0/+45/0/+45/0/±45/90]s 20

[0/±45/0/+45/0/±45/903]s 24

[0/±45/0/±45/902]s 16

T300/V-378-A [00112T 12 12" x 12"

HMF-133-76 [00/90] cloth 4 6" x 6"

Hy-E 1076 E uni- 16 12" x 12"

directional non-
autoclave cure
(voids & voids)

HyE-1076-E 16 12" x 12"

T300/5208 [+302/9021 S  16 6" x 6"
s [+304/904] s  16

AS1-E707 [001

AS1-3502
(post cured) t00] 24 12" x 12"

AS1-3502 [9001 6" x 9"

AS1-E707
(Mode 1 Test) [00 ]  12

AS1-3502 (Mode [0°1
I Test w/Kevlar
at Midpoint)

AS1-E707 [+302/9021 s  24 10" x 10"

AS1-3502 (Mode [00 ]

1 Test, coated
Kevlar paper at
midpoint)

9



Material Lay-up Orientation No. of Plies Size

ASI-3502 (Mode [00] 24 6" x9"
1 Test, coated
polyester paper
at midpoint

T300/5208 Graphite/ 10 6" x 6 "

Epoxy Alum/Suspension

ASl-3502 [00] 8 24" x 24"

AS1-3502 f0l 3 10" x 10"

a, N 4 N

6

.M.F-133-76 [00/90] cloth 10 6" x 10"

[+45] 4 6" X 6"

T300/5208 10/90/+45]s  8 6" x 6"

t [02/9021+451s  16

[03/903/+453]s 24

[03/903] 12 2" x 6"

[03/903] 12 2" x 6"

HyE-1076-E 00 16 12" x 12"

non autoclave cure

HMF-133-76 (0/90] 4 6" x 6"

[+45] 4

Mode I [0/901 10 6" x 10"

U-376-A [+30/+30/-30/-30/90/9013 12 6" x 10"

, 12

"Mode 1 00 16

16

HME CON I 00 16 12" x 12"

non autoclave cure

ASI-3502 [o/+45/90]s 8 12" x 12"

" Mode I 00 16 6' X 10"

10
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Material Lay-up Orientation No. of Plies Size

T300/5208 [o4/+454/904] s  32 6" x 6"
[(+30) /901 42

- 10 s
U-378-A 00 29 6" x 10"
Mode I Rerun Roll #2

AS1-3502/Alum. 18 panels 3 & 4 3" x 3"
Suspension
unidirectional

ASI-E707 00 12 6" x 10"

" 16

" 12 6" x 6"

" 24 6" x 6"

* " 50 4" x 6"

AS1-3502 " 16 9" x 18"

T300/F-178 [0/90] Bidir. cloth 10 12" x 12"

AS1-3502 [+45/08/+45]s Nichols 24 6" x 10"

! +15/0 8/+15] 24 6" x 10"

ASI-E-707 [+45/90/-45/90/+45/90/-45/901 15 6" x 10"

1+45/-45] 8 6" x 10"

AS-1076 0* Mode I 24 10" x 10"

00 16 12" x 12"

AS-3502 0* Mode I 24 10" x 10"

HMF 133-76 [0/901 4 10" x 10"

HYE 934 [02/+452/-452/9021s 24" x 24"

AS-3502 [+60/08 /+601 24 6" x 10"

Mode I-

[+75/08/+75] 24 6" x 10"
Mode I

1076-E 00 24 6" x 14"

Mode I

ASI-707 00 Rail shear test 16 6" x 6"

HMF-133-76 [+45] 4 12" x 12"

(2 ea)

1076-E 00 Mode I precompacted 6" x 14"
for 3 days

11



Material Lay-up Orientation No. of Plies Size

AS4-my720 0°  12 6" x 4"

AS4-828/DDS 00 7 6" x 10"

T300/976/1076 00 16 6" x 6"
No bag cure

1076-E, Mode I 00 24 6" x 14"

HMF 133-76 0/90 4 10" x 10"

+ 45 (2 ea) 4 12" x 12"
New material

AS4-3502 00 24 6" x 10"
Mode I

ASI-3502 [+45] s  8 6" x 6"

AS1-E707 0O 4" direction 50 4" x 6"

T300/976/1076 00 16 6" x 6"
precompaction test

U-378A/T300 [+302/-302/90] S  12 6" x 10"

AS1-E707 00 50 4" x 6"
re-run

HMF 133-76 cloth + 45 10 6" x 10"
Mode I

[0/90/+45/+45/90/0]t 4 12" x 12"

1 2 3 4

E707 50 6" x 4"

U-378A [+302/-302/90] s  12 6" x 10"
900 in 6" direction

T300/976/1076
precompaction &
C-scan 16 6" x 6"

1076-E
Mode I with polymer
film @ midpoint 24

my720 DDS 00 24 6" x 9"

Mode I

1076-T300 0 16 6" x 6"
No bag cure

AS4-828-DDS 00 9 3" x 6"

AS4-DDS-828 900 in 6" direction 8 6" x 10"

12



b. Material Development

1) Polyetheretherketone (PEEK)

Polyetheretherketone
(PEEK)

A new thermoplastic material was received from ICI

Great Britain. The material was in the form of 5 mil. amorphous

film as well as some injection molded tensile bars. The main

objective of this program was to evaluate the material as a

matrix resin.

The first stage of the program looked at the neat

resin chemical resistance.

Chemical resistance tests were completed after

annealing to convert from amorphous to the crystalline. Machined

tensile dog bones were loaded to 1000 psi with the gage section

enclosed in a wick saturated with the agent of interest. No

failures were observed as well as stress crazing. Results are

shown in Table 2.

The question of additional chemical resistance tests

on composites has not been decided.

A composite fabrication study was started using

PEEK film and bidirectional 8 harness satin graphite cloth with

UC 307 (thermoplastic) finish. The polymer melts at 6300F but

maintains a very high viscosity even at 750 0 F, (4000-5000 Poise).

Isothermal TGA's were run in both N2 and air at 750*F 1 hr +

800*F for 1 hr. Weight loss was .25% and .50%, respectively for

H2 and air. Because of the inherent high viscosity, the pro-

cessing temperature investigated with success has been 7500F. One

of the major efforts in this study was to look at low pressure

processing. The goal was to produce void free composites using

200 psi. A successful processing condition was developed. This

processing cycle is not optimized.

13
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TABLE 2

NEAT RESIN PEEK
CHEMICAL RESISTANCE

Chemical Stress (psi) Time at Stress

MIL-H-5606C1  1000 1 week

Skydrol 500B 2  1000 1 week

JP-4 AF-Fuel 1000 1 week

Dichloro Methane 1000 1 week

MEK 1000 1 week

Acetone 1000 1 week

T-5351 AL 3  1000 1 week

1Air Force Hydraulic Fluid

2Commercial Aircraft Hydraulic Fluid

3Air Force Paint Stripper

14



The film and cloth are stacked in alternate layers,

and then compression molded as follows:

1. RT -750°F contact pressure

2. 750OF for 1 hr. at 200 psi

3. cool to 200 0 F and remove

Composites fabricated using this processing show

little or no voids by photomicrographs. Mechanical properties

were generated on dry and moisture aged composites. Neat resin

tensile specimens were moisture aged under water at 160°F to

equilibrium. The moisture gain recorded was 0.30%. Tensile

properties were measured on the neat resin with the material

maintaining 100% of its 250°F tensile properties.

Mechanical properties were generated on bidirectional

graphite cloth and are shown in Table 3. Moisture aging data

are included in this table because no drop off was measured in

the moisture aged samples. As can be seen the composites

picked up very little moisture.

In order to better compare the mechanical properties

of graphite cloth/PEEK, a state-of-the art epoxy on graphite

cloth prepreg was ordered from Fiberite Corp. The material is

designated HMF-133-76. The resin is Fiberite's 976 epoxy on

T-300 graphite from Union Carbide.

Additional data has been generated on both PEEK/

graphite cloth and epoxy/graphite cloth as a direct comparison.

The 350°F wet flexural properties of PEEK were significantly

better than the epoxy. See Tables 4 and 5. The four-point

shear showed no significant difference in strength but the mode

of failure was different. See Table 6. In plane shear data

on + 450 can be seen in Table 7. In the Mode I Peel test the

most significant results can be seen between the two systems.

See Table 8. One specimen of unidirectional graphite and PEEK

was tested in the Mode I test. (See Table 9.)

A study was initiated to look at the creep properties

of PEEK composites and also evaluate epoxy along side. The

following describes this ongoing program:

15 (text continued on page 21)
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TABLE 4

WET & DRY
PEEK/T-300 BIDIRECTIONAL CLOTH

3 PT - FLEXURE

Temp. Strength x 103 psi Modulus x 106 psi

RT 102.10 7.43

2500F 83.42 6.87

350°F 60.00 5.99

Moisture Aged 160°F uw

Fiber Vol. 57.32%

Equilibrium Moisture Gain 0.42%

17
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TABLE 9

MODE I PEEL TEST FOR
DELAMINATION RESISTANCE

Critical Strain Energy 2

Material Release Rate,. GIC (IN-LBS/IN )

Epoxy/Gr Cloth 1.34

PEEK/Gr Cloth 11.35

Epoxy/Unidirectional GR 0.8

*PEEK/Unidirectional GR 8.0

*One specimen tested

20
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Creep Summary

objective: To compare test results of epoxy/graphite

cloth and tape with PEEK/graphite cloth to determine differences

in creep strain between thermnosets and thermoplastics. The

tests were conducted on panels with a +450 lay-up orientation.

This allowed the test samples to be more resin dominated and, thus,

more susceptible to creep. The materials used include:

+45* PEEK/cloth 4 ply panel
T450 EPOXY/cloth 4 ply panel
+45* EPOXY/tape 8 ply panel
1/4" strain gages
creep frames

Procedure: The panels were cut into 3/4" x 6"1

strips and two strain gages were mounted on each specimen, one

longitudinally, and one transversely. The specimens were loaded

into a creep frame and a predetermined load was applied. All

tests were conducted at ambient temperatures.

The PEEK/graphite cloth specimens were separated

into two groups each containing three samples. The first group

was tested at 30% ultimate strain for 500 hrs. and then terminated.

The second group was tested at 70% ultimate strain for 1500 hrs.

* j and then allowed to recover to determine any damage. After

recovery the samples were polished and checked for cracks. The

epoxy specimens,both cloth and tape,were tested at 70% ultimate

strain and then allowed to recover. These specimens will also

* . be checked for cracks.

Comparative results: (See Figure 1).

*Specimen % ult. strain time (hrs) creep strain(Ilin/in) % creep

PEEK/cloth 30 800 3500 .35
PEEK/cloth 70 800 15000 1.5
EPOXY/cloth 70 800 20000 2.0

*EPOXY/tape 70 800 23000 2.3

The rcqsults show a slightly higher creep strain for

epoxy/cloth and tape when compared to PEEK/cloth. The results

are not conclusive, however, and are still being explored. The

21
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Figure 1. Tensile Creep RT.
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epoxy/tape results obtained are significantly different from

previously published results found in the Technical Report AFML-

TR-77-151, Sept. 1977. One possible explanation could be the

void content of the panels or cracks in the area of the strain

gages. The PEEK/cloth samples which have been polished did not

reveal any cracks. The epoxy/cloth and tape samples have yet

to be checked.

In the future, PEEK/tape will be tested under the

previously used conditions and compared to the present data. The

comparison will be continued by testing both PEEK and epoxy

samples at elevated temperatures (250°F and 350°F) and observing

their recovery.

A preliminary study was initiated to look at the

impact properties of PEEK/cloth versus epoxy/cloth. Static

tests were run at NASA Langley on the two systems with actual

impact yet to be completed. The static tests show good correlation

with actual impact. Load versus displacement was plotted for

the two systems with PEEK showing greater load carrying and

delamination resistance. A plot of the reduced data is shown in

Figure 2.

A program was initiated to evaluate the fatigue

properties of PEEK/graphite cloth versus epoxy/graphite cloth.

This program is ongoing. The data generated on the two systems

is undergoing analysis.

2) Polyethersulfone/graphite

An evaluation was carried out on a panel supplied

from ICI Americas. This material was a polyethersulfone/graphite

material. The composite was tested in 3-pt. flexure dry and wet.

As was suspected the moisture aged specimens lost significant

properties at elevated temperatures. The data is shown in Table

10.
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Figure 2. Load-Displacement Plots for Half-Inch Indentation
Specimens, [0-90] PEEK/Cloth versus Epoxy/Cloth.
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3) Resin Sensitivity

The data below represents the initial phase of a

program to study the resin matrix sensitivity of AS-I/E707.

The resin for this system was developed in the

laboratory. The formulation was supplied to U.S. Polymeric who

in turn made the prepreg for us according to our specifications.

A total of four AS-l/E707 composites were prepared

using our standard epoxy composite cure cycle.

None of these panels were postcured.

Composite No. No. of Plies Composite Size Orientation

CB4-8-82 8 6" x 10" +45 °

CB4-2-82 16 6" x 10" 00
CB4-4-82 24 6" x 6" 0 °

CB4-5-82 50 4" x 6" 0 °

All of the above composites had average specific

gravity measurements of 1.63 gm/cc. Photomicrographs showed all

composite panels to be void-free except CB4-5-82, the 50-ply

composite. This panel contains numerous elongated voids running

through the center of the composite. Because of the thickness

of this composite, the cure cycle may have to be altered. Because

no decision has been made to redo this composite, the data is

included in Tables 11-15.

All tests were conducted at room temperature. The

data reported represents averages of five specimens per data

point.

An additional evaluation of this resin is ongoing

in the lab. The basic resin system is MY-720/DDS.

Tapes are being wound and composites fabricated.

Analysis of the mechanical properties is still in process.

4) Composite Fabrication Development

An effort is underway to duplicate data compiled

by General Dynamics. This involves the precompaction of the

laminate before continuing the cure cycle. Using 1076 C prepreg,

26



TABLE 11

COMPOSITE #CB4-8-82
8 PLY, +45o

Tensile Strength Tensile Modulus Shear Strength Ult. Poisson's
KSi MSi KSi Ratio

21.56 2.93 .0231 .718

TABLE 12

COMPOSITE #CB4-2-82
16 PLY, 00

3 pt Flex Strength Modulus Failure Mode
KSi MSi

259.48 17.09 Ten/Shear

Short Beam Shear Short Beam Shear
4/1 Span to depth, Compression 6/1 Span to depth shear

Failure Failure

17.43 KSi 13.87 KSi

TABLE 13

COMPOSITE #CB4-2-82
16 PLY, 00, 900 FLEX

U-3 Modulus E Strain to Mode of
KSi MSi Failure Failure

12.95 1.59 00.84 Tensile

27
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TABLE 14

COMPOSITE #CB4-4-82
24 PLY, 00

4 Pt. Shear Short Beam Shear
UTS KSi 6/1 Span to Depth, Shear Failure

13.11 14.80 KSi

TABLE 15

COMPOSITE #CB4-5-82
50 PLY, 00

Short Beam Shear KSi
4/1 Span to Depth

10.50

28
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a 24 ply, 00 laminate was prepared with a 1" teflon spacer placed

on the 12th ply edge so Mode I tests could be conducted on the

cured composite. The laminate was precompacted in the autoclave

for three days at room temperature and 100 psi before continuing

the cure. At this time the Mode I tests show no improvements in

mechanical properties. The theory behind this method is not

fully understood at this time.

5) Material Development

a) V-378 A

A new work effort was initiated to evaluate a new

polyimide from U.S. Polymeric. V-378 A is a new modified bis

maleimide matrix resin. This resin is said to exhibit significant

advantages over previously available bis maleimides and 3500F

curing epoxy resins. V-378 A can be cured under standard low

autoclave pressure of 100 psi and temperatures of 3500F similar

to current 3500F curing epoxy systems. Unrestrained post cure

at temperatures of 475-500°F are required to maximize elevated

temperature strength retention.

Prepreg was received from U.S. Polymeric and

composite processing was initiated. See Table 16. Basic

mechanical properties were generated,and a moisture aging program

was also initiated. The processing conditions used and mechanical

properties are listed in Table 17. There is some indication that

the composite fiber volume is on the high side, thus causing

less than desirable properties in some of the matrix dominated

tests such as the Mode I Peel test and the angle ply composites.

After the initial evaluation of several lots of

prepreg, both of which contained lower than acceptable resin

contents, additional prepreg was received.

The evaluation of a higher resin content prepreg

resulted in only slightly higher Mode I values and a continued

macrocracking in the delamination specimens. The delamination

specimens consist of a 12 ply (+302,-302,902)s. The cracking was

29
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TABLE 16

COMPOSITE PROCESSING INFORMATION

Material System - V37a A

Fiber T300 w/epoxy size

Matrix - V378 A

Maximum Rated Temperature 450°F

Prepreg by - U.S. Polymeric

Cure Schedule: 1. Full vac & 85 psi

autoclave cured 2. Heat to 175 0F (@ 5°F/min), Hold 1/2 hr.

3. Vacuum off, raise pressure to 100 psi

4. Heat to 355OF

5. Hold @ 355 0 F/100 psi/no vacuum for 4 hrs.

6. Reduce pressure to 10 psi and cool to
150OF before removing

Post cure schedule: 1. Heat to 4750 F @ 3-50F/min
Hold 4 hrs. @ 475 0F
Cool @ 3-5°F/min.

30
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TABLE 17

MECHANICAL PROPERTIES

PANEL #1 T300/V378 A
16 PLIES 00 CONFIGURATION 12" x 12" PANEL

COMPOSITE SPECIFIC GRAVITY-1.61
FIVE SPECIMENS PER DATA POINT

3-pt. Flex Strength Modglus Failure Strain to
x10 3 psi xl0 psi Mode Failure

Room Temp. 240.76 17.54 Ten&Shear

350 0 F(1770 C) 184.93 17.56 Compression

450°F 170.45 17.60

4-pt. Shear Strength
x10 3 psi

11.14 Shear

350°F(177°C) 9.25

4500 F(232°C) 6.55

90°-4 pt. Flex Strengthj x10 3 psi

14"03 2.71 Tensile .0059

Short Beam Shear
x10 3 psi

15.41 Compression

350°F 10.87

450F 9.09
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noticed in the 90's and is the result of thermal stresses on a

brittle matrix resin. The work on this project has been planned

for the future.

6) Polyimide Development

Material development has been concentrated on a

polybismaleimide resin, namely H795. This resin is a proprietary

thermosetting heat curable maleimide type supplied by Tech-

nochemic, an overseas firm. Formulation work has been done to

improve the tack and drape of the prepreg. Two different

formulations were used to make two prepreg tapes using the hot

melt prepreger. A total of three, 4" x 4", 8-ply composites

were made from these two tapes. The first two composites were

made using the same resin formulation and cure cycle. The resin

formulation contained 50 gms of H795 resin and 25 gms of Ebecryl

(Ebe) hardener. A different resin formulation was used for the

third composite. It contained 50 gms of H795, 25 gms Ebe and

2.5 gms of M751. The M751, also a polybismaleimide, was added

to improve toughness. AS-4 graphite fiber was used for all the

tapes. Specific gravities of about 1.59 gm/cc were obtained on

all three panels. Photomicrographs also indicate void-free

panels. The data below includes all mechanical properties

obtained from the three panels (see Table 18). Additional work

is planned for the future.

7) Acetylene Terminated Quinoxaline (BADABA)

Work is ongoing with the "one pound" evaluation of an

acetylene terminated quinoxaline (BADABA). Tensile specimens

have been prepared from freeze drying and mechanical properties

determined at room and elevated temperatures both dry and humid

aged. Composites have been prepared from solvent winding and

processed in the press using matched die molding. Some composite

properties have been generated. Although this material is not

considered a candidate material, much valuable experience is

being gathered on this project. Shown below are the supporting

Tables 18-26 for this work.
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TABLE 19

BADABA

BA = Benzil Acetylene

DAB = Diaminobenzidine

BA = Benzil Acetylene

c=c 0 ,C-CH

M.W. = 794

34
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TABLE 20

FREEZE-DRYING OF BADABA

- Dissolved 2 g. of Badaba in 225 ml. of benzene

- Immersed flask in bath of dry ice & acetone

- Rotated constantly for approx. 12 min.

- Placed flask on freeze-drier cooled to -60OF

- Left on for minimum of 48 hrs.

TABLE 21

PREPARATION OF DOGBONES

- B- staged 55 min at 340°F

- Mold preheated to 400*F

- Badaba B stage placed in mold

- 200 lbs pressure applied

- Held 1/2 hr at 400*F

35
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TABLE 23

ELEVATED TEMPERATURE PROPERTIES (DRY)

3. 3

Temperature UTSx1O (psi) % Strain Exl0 (psi)

RT 5.8 1.1 5.9

300OF 5.7 1.5 -

500OF 4.6 1.9 4.1

600OF 2.5 2.6 2.7

TABLE 24

ELEVATED TEMPERATURE PROPERTIES (WET)

33
Temperature UTSx1 (psi % Strain Exl3 (psi)

RT 5.8 1.2 6.5

300OF 6.0 1.6 5.4

• 5009F 5.0 2.2 3.3

I
TABLE 25

PREPARATION OF COMPOSITES IN PRESS

- Mixed equal parts of Badaba and THF

- Wound prepreg

- Dried 3 hrs

- Heat at 5F/min to 375°F

- Apply 125 lbs pressure

- Heat at 5*F/min to 400*F

- Hold 1/2 hr

37



TABLE 26

COMPOSITE PROPERTIES

Cure Cycle Test USx103 (psi)

B 16 hrs 400°F SBS 8.6

B 16 hrs 525°F SBS 11.2

B 16 hrs 400*F 4 point shear 7.4

B 16 hrs 525*F 4 point shear 8.3

38
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SECTION II

ADHESIVE BONDED JOINTS

1. EXPERIMENTAL ADHESIVES

a. BADABA (an Acetylene Terminated Quinoxaline)

BADABA material that had been synthesized by MRI

(Midwest Research Institute) was molded into 1/2" x 0.1"x 3"
(1.27 cm x 0.25 cm x 7.62 cm) beam specimens. After molding,
the beams were separated into four groups. Each group was cured
at a selected temperature and all four groups were cured in N2.

The cure conditions were:

A. 16 hrs. at 240 0C in N2
B. 16 hrs. at 300 0C in N2
C. 16 hrs. at 340 0C in N2

D. 16 hrs. at 371 0C in N2

After cure one bar from each condition was tested for

dynamic modulus in a Rheometrics machine up to the cure tem-
perature. All the beams were then machined into CT (compact
tension) specimens (approx. four specimens from each beam). There

were 20 beams and five beams to each cure group.

The CT specimens were tested in that mode at R.T. and

selected elevated temperatures.

R.T. 200C 240 0 C* 250 0 C 300 0C

Group A x x x
Group B x x x x
Group C x x x x

Group D x x x x

*240 0 C was the cure temperature for Group A and
testing above that temperature would not have
been informative for those specimens.

Two specimens were tested per data point.
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b. BADABA with 1% Cure Initiator

Tensile dogbone and beam specimens were molded from

purified MRI BADABA that had 1% cure initiator added. Processing

techniques were determined for that material.

Compression molded dogbone specimens of BADABA were

tested in tensile at RT, 2000F, 300OF & 350°F using an extenso-

meter to measure strain. Data is reported in Table 27.

c. ATS (100% Oligomer) an Acetylene Terminated Sulfone

from Which all of the Monomer had been Removed

Tensile dogbone and beam specimens were molded from ATS

(100% oligomer). Two 1/2" x 0.1" x 3" beams and five dogbone

specimens were fabricated from 9 g of material.

The purpose of the investigation was to determine the

effect of higher molecular weight ATS on the mechanical properties

cef the cured polymer. The results of the tests were somewhat

clouded by the discovery of elemental Paladium in the sample

which could have caused an undetermined specie and erroneous

conclusions.

d. ATS (Gulf)

ATS (Gulf) dogbone and beam moldings were fabricated

and then cured in an N2 atmosphere. This sample of ATS

contained approximately 24% oligomer and 76% monomer.

It was hoped that the higher molecular weight material

in the polymer, along with the monomer, would have a favorable

influence on elongation and fracture toughness properties of the

ATS.

The dogbone specimens were tested in tensile and the

beams were machined into CT specimens and tested for fracture

characteristics in the MTS machine.

e. Acetylene Terminated Sulfone (ATS)

Midwest Research Institute ATS polymer was cast into

beam configuration. Dynamic modulus was determined on the
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Rheometrics machine, beams were machined into nominal .5"

(12.7mm) C'T specimens, and fracture evaluation was done. DaLd

is being reduced.

f. ATQ, SBQ, BATQ and BADABA

ATQ, SBQ, BATQ, and BADABA were molded into beams and

cut into compact tension (CT) specimens for fracture character-

ization. Testing was done at R.T., 200*C, 250°C,and one material,

BADABA "D" at 300*C.

Data are reported in Table 28.

TABLE 28

KIC VALUES FOR ACETYLENE

TERMINATED QUINOXALINES
psi -in (mPAVEm)

200C 200 0C 250 0C 3000 C

SBQ 620 (.68) 550 (.603) - -

BADABA "D" 650 (.71) 590 (.65) 540 (.59) 560 (.615)

ATQ 920 (1.01) 1350 (1.48) 2450 (2.69) -

BATQ 950 (1.043) 1350 (1.48) 2500 (2.75)

Data are from two specimens at each condition.

g. 5208/T300

Fracture specimens in compact tension configuration

(CT) were previously machined and are currently being tested.
Sets of those composite specimens have been tested during the

past year. A set consists of two fracture specimens and two

compliance specimens. The compliance specimens are useful in

analysis of the fracture characteristics of the composite

fracture specimens fabricated of the same materials.
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In the CT fracture test the crack front cannot be

readily identified, if at all; therefore, crack displacements

cannot be associated with load peaks during evaluation which

makes KIC values impossible to accurately calculate. When

employing a compliance measurement, predetermined crack lengths

may be cut into a specimen and the displacement per unit load

may be measured. An initial crack of nominal length is generally

cut into the compliance specimen, and the specimen is then

loaded and the stress/strain slope recorded. The crack is then

cut longer in about one mm increments and loaded after each cut.

The slopes are measured for each crack length.

Conversely, when a CT fracture specimen is loaded, the

slope of the curves produced may be correlated to the compliance

curves,thereby determining the crack length per unit load of

the fracture CT specimen.

Compliance and fracture tests have been completed on

5208/T300 at 130*C, 150-C, 1770 C, 190 0 C, and 2000C. Additional

evaluation must be done at lower temperatures and also at the

same conditions after humid aging to complete the spectrum.

h. Polyurethane Model Material

Five polyurethane, low Tg materials, each being a

different molecular weight, were machined into 1" CT specimens.

Those materials were tested on the MTS test machine at various

temperatures and load rates strictly to observe models of

various characteristics of plastics of the same family type but

of different molecular weights.

i. 5208 Neat Castings

Neat resin castings were made from 5208. The castings

were 0.10" (2.54mm), 0.20" (5.08mm), and 0.50" (12.7mm) in

thickness. The 0.1" castings were machined in 0.5" (12.7mm) x

0.5" (12.7mm) compact tension (CT) specimens and 1" (25.4mm) x

I" (25.4mm) CT specimens. The 0.20" castings were machined into

1" x 1" and 2" x 2" (50.8mm x 50.8mm) CT specimens, and the 0.5"

thick CT specimens were machined into 2" x 2" CT specimens.
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Those specimens were used as standards for fracture

calculations and for test method reliability. Approximately 80

specimens total were prepared.

In addition, an experiment was run to determine the

quantity of adsorbed or absorbed moisture present on or in the

material as cured. Several 1" x 1" x .2" specimens were dried in

a desiccator and an additional group was dried in a vacuum oven

at R.T. for 70 days each. The group in the vacuum oven lost 0.4%

compared to 0.075% weight loss for the group in the desiccator.

j. PEEK (Polyetheretherketone)

PEEK/AS-4 composites were machined into 0.5" (12.7mm) x

.78" (19.8mm) x - 0.1 (2.54mm) thick compact tension specimens

and compliance calibrations were run for KQ baseline data.

k. Ordered Polymer

Processing techniques for an ordered polymer were explored.

Material was extruded through various shaped dies to form either

a ribbon-shaped or fiber-shaped specimen as it was extruded and

wound on a mandrel. A winding machine was modified for that

purpose.

A tensile loading device was designed and machined to

be employed on the x-ray diffraction equipment primarily for
measurement of loading effects of high modulus ordered polymer

fibers, although the device could be used with any fiber.

The device also has the capability of X/Y positioning

of the fiber and is instrumented and calibrated for variable load

from 0-15 lbs. total force.

2. MISCELLANEOUS POLYMER FRACTURE

Compact tension specimens were machined and tested for

fracture characteristics from the following materials:
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a. Thermosets

1) 828/DDS

2) MY 720/DDS

3) 5208

b. Thermoplastics

1) P-1800 Polysulfone

2) Polyetheretherketone (PEEK)

3) Radel

Methods for data reduction are being studied.

The following specimens were machined in the laboratory and

are ready for future fracture characterization or have been

tested.

(42) 3501 epoxy 1"

(63) T-300/5208 1/2" x .78"
(15) T-300/5208 1/2" x 1/2"
(4) 5208 1"
(20) 5208 1/2"
(2) BADABA "C" 1/2"
(2) BADABA "D" 1/2"

(20) 43-A Polyurethane 1"

(12) 42 " 1/2"
(12) 43 " 1/2"
(12) 44 " 1/2"
(7) ATQ 1/2"
(4) SBQ 1/2"

(5) BATQ 1/2"

A special tensile specimen was hand machined 5 1/4" long x

1/4" thick with a 2" gage section.
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SECTION III

INTERFACE/INTERPHASE CHARACTERIZATION

1. ALUMINUM OXIDE/EPOXY INTERPHASE

Aluminum adhesive bonding technology is based upon the

formation of a stable oxide layer on the aluminum substrate.

In this study attempts have been made to characterize the sub-

strate-oxide-matrix interphase using the single filament coupon

technique. This approach involves uniaxially embedding a 5 mil

phosphoric acid anodized aluminum wire in a polymeric test

coupon. Application of tensile forces to the specimen induces

circumferential cracks in the oxide which can be viewed in a

reflected light microscope. Measurement of the intercrack dis-

tance is indicative of the oxide/matrix shear adhesion strength.

A detailed account of this procedure can be found elsewhere.
1

Work to date has centered on establishing baseline data for

three systems, namely Al-99.99%, Al-2024T4, and Al-6061T3 5 mil

wires tested in Epon 828 epoxy resin cured with 14.5 phr meta-

nhenylenediamine (mPDA). Subsequent experimentation has focused on

the effects of coatings and hygrothermal exposures on interphase

properties.

a. Experimental

The procedure for wire preparation and anodization has
been reported previously. 1Anodization time and voltage were

held constant at 60 volts for 20 minutes.

Coatings were applied to the oxide surface by submersing

the anodized wire for 30 minutes in solutions containing resins

and/or curing agents dissolved in methyl ethyl ketone (MEK) and

then permitted to air dry for 24 hours prior to sample fabrication.

Four coatings have been evaluated to date: 1) resin rich coating

of 5 wt.% Epon 828 in MEK; 2) curing agent rich coating of 5

wt.% mPDA in MEK; 3) 5 wt.% Epon 1009F, a higher molecular

weight homologue of Epon 828, in MEK; and 4) Epon 1009F + 0.9

phr mPDA in MEK.
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Hygrothermal exposures were conducted by suspending either

the anodized wires or test coupons above distilled water in a

sealed container. Coupon weight was monitored for establishment

of equilibrium to indicate complete water sorption by the test

specimen.

b. Results and Discussion

The effects of anodic oxide coatings on interfracture

distance as determined by the single filament coupon technique

are reported in Tables 29-31. In the Al 99.99% system, each of

the coatings has resulted in a decrease in the mean oxide inter-

fracture distance. The reverse trend is observed in the two

other systems studied, Al 2024T4 and Al 6061T3. The precise

* reason for this difference is not fully understood but may be

attributable to differences in oxide chemistry and tensile

strength.

Moisture at the oxide/matrix interphase also influences

the oxide intercrack distance (see Tables 32-34). Anodized

wires subjected to 100% relative humidity for 72 hours at either

70*C or 125*C exhibit significant reductions in the mean oxide

interfracture distance. Test coupons exposed to 100% RH at

125 0C show a similar trend but of lesser magnitude.

Because the tensile strength of the anodic oxides has

not been determined, comparison of oxide/matrix shear strengths

is not valid for the three systems studied. Work in progress is

directed at measurement of the anodic tensile strength. However,

results are insufficient to report at this time.

2. CARBON FIBER/EPOXY INTERPHASE

Adhesion between fiber and matrix is a crucial element

contributing to composite performance. In this study factors

governing interactions occurring at the carbon fiber-epoxy

interphase were evaluated and correlated to an average shear

adhesion strength. Fiber surface free energy, surface chemistry,
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TABLE 29

EFFECT OF COATINGS ON Al 99.99% ANODIC OXIDE
INTERFRACTURE DISTANCE

Oxide Interfracture Distance

Coating Solution (in. + a x 10
- 3)

None: Fabricated per usual 1.63 + 0.38

5% Epon 828 in MEK 1.56 + 0.08

5% mPDA in MEK 1.49 + 0.11

4.5% Epon 1009F in MEK 1.18 + 0.12

TABLE 30

EFFECT OF COATINGS ON 2024-T3 ANODIC OXIDE
INTERFRACTURE DISTANCE

Oxide Interfracture Distance

Coating Solution (in. + a x 10-4

None: Fabricated per usual 4.62 + 0.89

5% Epon 828 in MEK 5.18 + 0.13

5% mPDA in MEK 5.38 + 0.17

4% Epon 1009F in MEK 5.51 + 0.18

4% Epon 1009F + 0.9 phr mPDA in MEK 5.71 + 0.10

TABLE 31

EFFECT OF COATINGS ON 6061-T6 ANODIC
OXIDE INTERFRACTURE DISTANCE

Oxide Interfracture Distance

Coating Solution (in. + a x 10- )

None: Fabricated per usual 5.21 + 0.50

5% Epon 828 in MEK 5.35 + 0.52

5% mPDA in MEK 5.43 + 0.31

4% Epon 10OF in MEK 5.40 + 0.45

4% Epon 10OF + 0.9 phr mPDA in MEK 5.55 + 0.37
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TABLE 32

HYGROTHERMAL EXPOSURE EFFECTS ON Al 99.99%
ANODIC OXIDE INTERFRACTURE DISTANCE

Oxide Interfracture Distance
Hygrothermal Exposure (in + a)

None: Fabricated per usual 1.63 + 0.38 x 103

Anodized wire at 100% RH -
700C - 72 hrs prior to
coupon fabrication 7.73 + 0.82 x 10

Anodized wire at 100% RH -
125°C - 72 hrs prior to
coupon fabrication 3.60 + 0.35 x 10

Test coupon at 100% RH -

70°C till saturated

Test coupon at 100 RH -3
125°C till saturated 1.55 + 0.13 x 10

TABLE 33

HYGROTHERMAL EXPOSURE EFFECTS ON 2024T4
ANODIC OXIDE INTERFRACTURE DISTANCE

Oxide Interfracture Distance
Hygrothermal Exposure (in. + a x 10- 4 )

None: Fabricated per usual 4.62 + 0.89

Anodized wire at 100% RH -
70*C - 72 hrs prior to
coupon fabrication 3.65 + 0.23

Anodized wire at 100% RH -
125 0C - 72 hrs 1.78 + 0.18

Test coupon at 100% RH -
700 C till saturated

Test coupon at 100% RH -
125 0C till saturated 4.38 + 0.09
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TABLE 34

HYGROTHERMAL EXPOSURE EFFECTS ON 6061 - T3
ANODIC OXIDE INTERFRACTURE DISTANCE

Oxide Interfracture Distance

Hygrothermal Exposure (in. + a x 10- )

None: Fabricated per usual 5.21 + 0.50

Anodized wire at 100% RH -
700C - 72 hrs prior to
coupon fabrication 3.70 + 0.22

Anodized wire at 100% RH -
125 0C - 72 hrs prior to
coupon fabrication 2.00 + 0.04

Test coupon at 100% RH -
700 C till saturated

Test coupon at 100% RH -
700C till saturated 4.72 + 0.35
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tensile strength, and critical transfer length were measured

and are discussed in the following sections. A key to the

fiber code abbreviations used is given in Table 35.

a. Surface Free Energy of Carbon Fibers

Surface energetic measurements are an important thermo-

dynamic parameter used to predict wetting of a solid surface by

a liquid phase. Knowledge of the dispersive and polar components

of the surface free energy can provide insight to the type and

degree of solid-liquid interfacial interactions. The dispersive,

polar, and total surface free energy of a variety of carbon

fibers were determined using a micro-Wilhelmy technique on single

filaments. A detailed description of this technique can be

found in Reference 4. Approximately six to twelve filaments

were tested in each of eight liquids having a wide range of

dispersive to polar ratios of surface free energy. To preclude

cross contamination each filament was tested once in a fresh

aliquot of the high purity liquids used in this study.

Recent instrument recalibrations necessitated retesting

some previously reported work. Hence, the data reported herein

supersedes that contained in the quarterly progress reports of

this contract. 5 The mean fiber contact angle and the

calculated surface energetic parameters are provided in Tables

36 and 37, respectively.

b. XPS Studies of Carbon Fibers

Carbon fiber specimens which have undergone various

surface treatments have been examined using x-ray photoelectron

spectroscopy (XPS). These analyses will be discussed in the

sections below. Two types of fibers have been characterized by

XPS. These two types, A and HM, are polyacrylonitrile fibers

which have been graphitized at =15000C and =26000C, respectively.

These fibers are further labeled with an S or U, indicating

whether the fibers have undergone an oxidizing surface treatment

by the manufacturer or are untreated. The main constituents of

the fibers (carbon, oxygen, and nitrogen), along with the two
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TABLE 35

KEY TO FIBER CODE ABBREVIATIONS

Code Designation

AU Hercules' PAN precursor Type II fiber, similar to AU12

AS Surface treated AU fiber

AUI Hercules' PAN precursor Type II fiber

AS1 Surface treated AU fiber

AU4 Hercules' pitch precursor Type II fiber

AS4 Surface treated AU4 fiber

HMU Hercules' PAN precursor Type I fiber

HMS Surface treated HMU fiber

C Coating of pure diglycidylether of Bisphenol A
(DER 330) applied to fiber (eg., ASl-C)

% ST Refers to the percentage of normal surface treatment

given to fiber tow (eg., AS4-70% ST)

VT Thermal treatment given in vacuo to fiber tow

Allyl Flash cured allyl coating applied by Ashland
Chemical Co. 3

Acet Flash cured acetylene coating applied by Ashland
Chemical Co.

Epoxy Flash cured epoxy coating applied by Ashland
Chemical Co.
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TABLE 37

POLAR, DISPERS IVE , AND TOTAL SURFACE

FREE ENERGY OF CARBON FIBER SURFACES

Fiber Surface Free Energy

P 2 D 2 T 2
YS (mJ/m yS(mJ/m ) y5 (m J/m

AS4-70% ST 21.1 28.9 50.0

AS4-85% ST 21.3 28.0 49.3

AS4-100% ST 20.4 28.5 48.9

AS4-120% ST 20.3 29.2 49.5

ASi-Acet 27.4 29.4 56.8

ASi-Allyl 25.6 30.0 55.6

AS1-Epoxy 26.8 29.4 56.2
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major impurities due to manufacturing processes (sodium and

sulfur), were the peaks of interest for these analyses. All

specimens were analyzed using MgKa radiation (hv = 1253.6 eV),

and the energy scale was calibrated by assigning the Cls peak of

graphite the value 284.6 eV binding energy.

1) Water Treatment

Specimens F054 and F055 are HMS fibers which have

been heated in water at 125*C for several days. A listing of

the percent surface compositions as determined by XPS can be found

in Table 38. Comparison with specimen F057, which is a HMS

fiber that has not been subjected to water treatment, shows that

the fibers F054 and F055 have undergone no major chemical changes

in surface composition, but the amounts of sodium, sulfur, and

nitrogen present on the fiber surfaces have decreased. This

agrees with previous analyses of water treated fibers, indicating

that the sodium,, sulfur, and nitrogen are present mainly in water

soluble forms.

2) Epoxy-Coated Fibers

Two similar types of fibers, AS-I and AS-4, underwent

the same surface treatments. Analyzed using XPS were: AS-l

(F073) and AS-4 (F071) samples as received from the manufacturer,

AS-l and AS-4 samples which were coated with DER 330 by the

manufacturer (labeled AS-IC (F072) and AS-4C (F070)), and speci-

mens F074, F056, and F075 which are AS-IC and AS-4C fibers that

had been soaked in methylethyl ketone (MEK) to attempt to remove

the DER 330 epoxy coating.

From Table 39 it can be seen that the coated fibers

are easily distinguishable from the uncoated fibers due to the

absence of nitrogen, sulfur, and sodium peaks. After soaking in

MEK, the fibers return almost to the same condition as the un-

coated fibers, except that the soaked fibers have a slightly

more oxidized surface (about 15% more oxygen). By examining

the carbon ls peaks from these two surfaces, it is seen that the

more oxidized MEK soaked fibers have larger peak intensities due
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to carbonyl-type carbon atoms. The reason why the surface appears

more oxidized could be either due to residual epoxy coating or

MEK remaining on the fibers, or the processes involved in applying

and removing the epoxy coating could have left the surface more

oxidized.

3) PVA-Treated

Specimens F058 and F059 are HM type fibers which have

been exposed to a polyvinyl alcohol (PVA) containing solution and

then heated to leave only the adsorbed PVA on the fiber surface.

Although the surface concentrations, as seen from Table 40, are

not that close to the one previous analysis of these fibers,

F058 is still measured to contain more oxygen than F059.

4) AU Fibers

The first three specimens listed in Table 41 (F063,

F062, and F060)are AU) fibers from three separate lots. Each of

these specimens are fairly representative of their lots, judging

from past analyses of similar fibers. The remaining AU fibers

listed in the table have undergone varying amounts of an oxidative

surface treatment and are designated AS4-70, 85, 100, or 120% ST,

100% being that treatment usually used to manufacture AS fibers.

We should, therefore, observe a transition from five-eight atom

% oxygen as seen on the AU fibers to 10-12% oxygen as seen on

the AS fibers. The actual results show no such trend. In fact,

these results show no effect from the surface treatment at all.

The reason for this discrepancy is being investigated.

5) Data Analysis

Several computer programs are beiig developed to aid

in the interpretation of this data. A deconvolution routine has

already been written and debugged, which will be used to enhance

the resolution of the acquired data. Also, a curve-fitting

routine is being written to estimate more quantitatively the

relative percentages of different chemical species present on the

fiber surface. Finally, a smoothing routine is being adapted

for use with the above two programs, which will improve their

accuracy.
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C. Single Filament Tensile Tests

Knowledge of fiber tensile strength is necessary to

accurately determine interfacial shear strengths. Since the

measured tensile strength of these brittle fibers is greatly

influenced by the presence of flaws, the tensile strength in--

creases as the gauge length decreases. Usually, fiber strength

is estimated at the "critical length" by extrapolation along a

log-log curve using data derived at much longer lengths. How-

ever, in this study the use of a Tecam micro-tensile tester 6

allowed the determination of strength at gauge lengths as short

as 0.3 mm (0.012 in.). The actual critical length can therefore

be bracketed with tests at several gauge lengths, allowing a more

accurate estimate of strength than extrapolation.

The first group of samples tested was a series of ex-

perimental surface treated AS-4. The strongest fiber, AS4-85%

surface treatment, was chosen for an extensive gauge length

series (see Figure 3). At a gauge length of approximately 2 mm

(0.08 in.), the graph shows a discontinuity of the type theorized

by Hitchon and Phillips7 to exist as a result of a bimodal distri-
bution of large and small flaws. This is further emphasized by

the striking change in the coefficient of variation as the tran-

sition length is crossed. This effect may or may not be universal,J

may occur in the unimportant region shorter than the criticalJ

length, or may be too subtle to easily detect on other fibers.

Fiber diameters were measured with an image shearing

microscope,and ten filaments were tested at each gauge length in

the region of interest. As a result of this relatively small

set size, some of the data points appear slightly erratic. Typical

test results are plotted in Figure 4. Included are tensile values

for 25.4 mm (1.0 in.) gauge length for use as a reference to aid
in estimating actual critical length strength. However, it should

be noted that there are no documented values for the intermediate

lengths. Data from the individual tests have been previously

reported. (5) A sur'mary of these results is ejiven in Table 42.
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d. Critical Length Studies

Loading in tension of a polymeric coupon containing a

single carbon filament causes the fiber to fail in situ. With

continued application of stress the fiber is further fragmented

till the critical transfer length, Zc, is attained. This value

can be correlated to an average interphase shear strength (T) by

the relationship

Gf r 1
T r (1-;) 1

where af is the fiber tensile strength, d is the fiber diameter,

r is the gamma function, and a is the Weibull shape parameter of
the 1probability density function distribution. A detailed

analysis of this technique can be found elsewhere.(8 )

Work has proceeded in three areas: 1) evaluation of

single filament interphase shear strength, 2) interphase response

to hygrothermal exposure, 3) fabrication and testing of multi-

filament (2-5) tensile coupons.

1) Interphase Shear Strength Measurement

Fiber tensile strength at the critical length is

a required variable needed to calculate T. One inch gauge

length fiber tensile strengths previously used in calculating

T can now be replaced by af measured at I c" These values are

reported in Table 43. Using the fiber fracture strength at Zc
does not alter the relative ranking of fiber-matrix shear

strengths. It does, however, increase the magnitude of T.

A homologous series of fibers, such as AS4 70, 85,

100, and 120% ST, would be expected to exhibit the same tensile

strength at a given length. However, deviations from this ex-

pectation are observed due to the large scatter in the data

which typically has a coefficient of variation of 15%. Because

of this scatter, tensile strengths for a homologous fiber series

are averaged together to obtain the 'best' approximation of f

at Lc.
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TABLE 43

FIBER-MATRIX INTERPHASE SHEAR STRENGTH 
OF

SINGLE FILAMENTS IN EPON 828-MPDA MATRIX

Fiber Weibull Tensile Strength at T

a a kc ('103 psi) (.03 psi)

AUl 70.14 2.6 670 6.9

AS1 38.77 3.5 650 10.7

AUIC 50.84 3.2 650 8.4

ASIC 26.56 3.9 700 16.2

AU4 99.49 3.3 860 5.5

AS4 57.24 3.1 760 8.9

AU4C 75.82 3.8 760 6.2

AS4C 43.77 4.1 760 10.5

AS-3000C VT 43.60 2.8 645 10.4

AS-6000 C VT 37.31 3.6 580 9.9

AS-7500C VT 46.12 2.7 630 9.5

HMU 142.95 3.7 468 2.0

HMS 117.94 3.2 522 2.9

HMS-3000C VT 122.11 3.3 535 2.9

AS4-70% ST 70.85 3.0 865 8.1

AS4-85% ST 69.00 2.9 865 8.3

AS4-100% ST 68.89 2.7 865 8.8

AS4-120% ST 68.24 3.3 865 8.2

AS-100% RH-RT 85.10 3.3 640 4.9
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2) Interphase Hygrothermal Response Evaluation

Interphase response to hygrothermal exposure is being

evaluated using the single filament coupon technique. AS fibers

embedded in Epon 828-mPDA matrix are being subjected to 100%

relative humidity (RH) at either room temperature, 700C, or 1250C

until sample weight reaches a maximum. Measurements have been

completed on the 100% RH at room temperature regime (AS-100% RH

RT) tested in the hydrated condition.

After 202 days of exposure sample weight and length

increases an average of 2.51% and 0.64% respectively. No fiber

fractures or gross anomalies could be detected at the interphase

using optical microscopy.

The critical length for these specimens is over 2X

larger than the same fiber-matrix system not subjected to the

high humidity environment. This loss in interphase adhesion

may be attributed to a combination of bulk polymer and/or inter-

phase deterioration. Further testing in this area is ongoing.

3) Multifilament Coupon

Efforts have been directed at fabricating and

testing coupons containing two-five filaments aligned within a

fiber diameter of each other in order to study the processes

of reinforcement. Only a few specimens of high integrity have

been successfully fabricated to date primarily due to the

difficult lay-up process. However, some general observations
can be made regarding the performance of the multifilament

coupons.

Two coupons each having two AS filaments aligned in

close proximity were fabricated. In specimen "A" the fibers

were within a diameter of each other whereas in specimen "B" the

filaments were separated by three-four fiber diameters (- 25 pm).

In "A" both filaments failed in concert, i.e., when one fiber

fractured, the other would fail at the same position along the

fiber axis. Nearly all breaks were located across from one another.

Furthermore, the critical length for these two fibers was
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measured to be ~20% greater than that of single filament coupons

of the same materials. In "B" both fibers were observed to perform

independently, and both achieved the expected value of single

filament coupons.

In another sample a coupon containing five filaments

with variable interfiber spacings was fabricated and tested. As

load was applied to the coupon, the outermost fibers fractured

first followed by the inner fibers. Again the fractures all

occurred in close proximity to those in the adjacent filament

as seen in Figure 5. The critical lengths measured for all five

fibers are - 20% larger than the single filament coupon

Sc
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Figure 5. Multifilament Coupon Showing the Close Proximity
of Fractures in Adjacent Fibers.
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SECTION IV

MECHANICS OF COMPOSITES AND ADHESIVE

BONDED JOINTS

1. GLOBAL LOCAL VARIATIONAL PRINCIPLE FOR ELASTIC RESPONSE
OF COMPOSITE LAMINATES

a. Introduction

The principal problem of interest in the present investi-

gation is the same as that treated in Ref. 9, i.e. , the stress

analysis of a composite laminate built of anisotropic elastic

layers of uniform thickness and subjected to prescribed tractions

and/or displacements on its boundary surfaces. The body is

bounded by a cylindrical edge surface and upper arnd lower faces

that are parallel to the interfacial planes. This assumption

is made only for co~nvenience in writing the governing equations.

There is no difficulty in extending the model to include lami-

nates of variable thickness.

In practical applications, numerous layers may be present

(use of 100 layers in aircraft structures is not unusual). Con-

temporary models are incapable of providing precise resolution
of the local stress fields in the vicinity of stress raisers under

such conditions. Global models, which follow from an assumed,

usually elementary, displacement field, lead to the definition of

effective (or smeared) laminate moduli and are not sufficiently

accurate for stress field computation.9 On the other hand,

local models, in which each layer is represented as a homogeneous,

anisotropic continuum, become intractable as the number of layers

result in technical/economic barriers to accurate stress resolution.

In this work we blend these concepts into a self-consistent model

which can define detailed response functions in a particular,J

predetermined region of interest (local), while representing the

remainder of the domain by effective properties (global). Such

dual representations are not without precedent in solid mechanics.

For example, Gurtin1 0  discussed this approach with reference

to the solution of crack-tip stress field problems. Wang and
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Crossman (1)used an effective modulus representation of regions

of a laminate; however, only the extensional response of the

regions were considered, i.e., the flexural and flexural-extension

coupling characteristics of laminated bodies were ignored. Hence,

that approach fails to provide correct solutions to certain

elementary laminate problems for which exact solutions are avail-

able. Stanton et. al. (12) used a global representation based upon

a three dimensional laminate model developed by Pagano (1)which

is based upon the assumption that the stress field is only a func-

tion of one space coordinate. This is a generalization and improve-

ment of the material model given in Ref. 11; however, this approach

is not convenient for coupling with the mode.± presented earlier. (9)
(14)Furthermore, it is desirable to retain the model as a special

degenerate case of a global model since that result was shown to

produce very good agreement with a known elasticity solution for

transverse normal stress a . (15)

There have been several investigations of the interlam-

mnar stress fields in laminated composites. Pagano 9)has given

a detailed description of the relevant literature in this field.

A recent review article 1 6  by Solomon presents an up-to-date

literature survey in related topics as of 1980. In the present

paper, reference will be made of only those publications which

are not covered by Ref. 9 and 16. Spilker and Tingl7 have

conducted the static and dynamic analysis of composite laminates

using hybrid stress finite elements. Raju et. al. (18) have in-

vestigated the free edge stresses in layered plates using eight

node isoparametric elements. In both these publications, the

laminate idealization for a reasonably accurate finite element

analysis had to be very fine, i.e. a quarter of the laminate was

divided into about 600 elemeaits. No more than four layers were

considered for numerical calculations. For moderately large

number of plies (say 10), these approaches will lead to computer

storage/economic difficulties.

Blumberg et. al. (1)studied the edge effects and
stress concentrations in composite laminates made of gl ss sheets
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bonded with polymer adhesive. The governing equations employed

were similar in nature to those given in Ref. 9, however, not

as general. For example, only isotropic layers were considered

with the stiff layers being represented by the Kirchhoff-Love

theory. Furthermore, the implied edge boundary conditions are

not sufficient to satisfy the principle of "layer equilibrium".
(9 )

The differential equations were solved by perturbation technique

defining the dependent variables at three different regions along

the width of the laminate. This division of the width has en-

abled the authors to overcome computation overflow/underflow

difficulties.
(20)

Finally, Partveskii has presented an approximate

treatment of a free edge problem. This model combines the treat-

ment of Ref. 21 with a model based upon a layer on an elastic

foundation in order to define the distribution of interlaminar

normal stress.

b. Variational Principle

The laminate considered in the present investigation is

shown in Figure 6. The laminate thickness comprising of N +

M layers is divided into two parts viz; (i) local region (k) and

(ii) global region (g). N is the number of layers in the local

region and M is the number of layers in the global region. In
this work, we shall assume that the interface between g and Z

is a plane z = constant, although less restrictive assumptions

are possible. A variational principle as described below has

been used to derive the set of field equations and boundary con-

ditions. Different variational functionals in two different

regions of the laminate are used such that

Vg f [  i (u i j + u j ' i ) - w]dv - ud 0 (1)

where z = C(u i, e ij), w = w(aij, eij) and body forces are (2)

neglected.
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Figure 6. Laminate Half Thickness with One Local-Global
Interface.
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In equation (1), the first term represents the potential energy

for the global region, the second term is the Reissner variational

functional for layers in the local region and the third term is

the potential energy of the prescribed surface tractions. The

notation used here is the same as that of Reference 9, with

the exception that the subscripts '2' and 'g' denote, respectively,

the local and global regions. In equation (2), i and w are strain

energy density functions, the first in terms of displacements u.
and e.., the expansional strain components, and the second in

terms of stresses a.. and e.

For a layered continuum in the local region, equation (1)

can be rewritten as

[ (u w (k) 'jT u.ds +
[f 2ij ui, j + uj, i ) -lkd k - f id

k=l Vk S

(3)

f ', dv 0.
Vg

where the superscript (k) attached to the bracket signifies

that each variable within the bracket is associated with the

kth layer. The use of Green-Gauss theorem and some mathematical

manipulations in equation (3) yield the following equation,

N[Ui +u. i i w _ 6ui](k)
f 2 - --6 --..O )  a uij,j 1 dvk +

k=l Vk N-1 (4)

NISf ( i -'ii)6uids + t16Uids +~ (T i) i )

S S; ~l
k=l I k
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T d~l u~k+l) )dI -u dv + f T (.-T ')6uids+ Sudki f - ijlj i f i"

Vg $4 Sg

+ f(T )+t(g))6uids = 0.

where Vk is the volume of kth layer, S, and S" represent the

outer surfaces bounding the local region, the former representing

the portion with prescribed tractions and the latter with

prescribed displacements. I"' represents the interlaminar

surface between kth and (k+l)th layers in local region that does

not belong to S' or S", S' and S" represent the bounding surfaces'g g
for the global domain with prescribed traction and prescribed

displacement conditions, respectively. S represents the surface

common to the local domain and the global domain. A superscript/

subscript £ denotes the local region and g denotes the global

region. Clearly, as shown by equation (4), the governing equations

of elasticity can be obtained as a consequence of variational

equation (1). Equation (4) will be used to derive the field

equations and boundary conditions for the two regions of the

laminate.

c. Development of Theory

For each layer in the local domain, the theory developed

in Ref. 9 has been used. The details of the derivation of equil-

ibrium equations and continuity and boundary conditions for this

domain are not repeated in this report. For the sake of continuity,

only relevant equations are provided. Figure 7 shows the coor-

dinate axes and thickness of a single layer in the laminate. The

interlaminar stresses az, T xz, and Tyz at the top of the layer are

denoted by P2' t2 and s2, respectively, while the corresponding

stresses at the bottom of the layer are designated as p,, t,, and

s1. In the local domain the inplane stress components are assumed

to vary linearly through the thickness of each ply. The sub-

stitution of these stress components in the differential equations

of equilibrium (9) yields the interlaminar stress components in
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Figure 7.Ply Coordinate Axes and Rotation Notation.
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terms of tractions pi, ti' s. (i = 1,2) and force and moment
1

resultants. These stress-stress resultant relations have been

used in equation (4) in local domain integrals. In the global

domain, an assumed continuous thickness distribution of the

displacement field is used. On the basis of these facts, the

field equations, interfacial boundary conditions, and edge

conditions within the local continuum remain the same as derived

in Reference 9. The development of the required relations for

the global domain and global/local interface follows. We assume

that the global domain is composed of layers, each possessing a

single plane of elastic symmetry, z = constant. In this domain,

the displacements are assumed to be of the form

u = u ° (x,y) + z'Y (x,y) (5)x
v = V°(x,y) + Z (X,y)

y2
w = wO(x,y) + z (X,y) + K (x,y)

z

where u, v and w are the displacement components in the x, y and

z directions, respectively. It can be seen that the number of

displacement functions agrees with that given by the variational

principle for each layer in the local domain. The substitution

of the displacement functions (5) into the strain displacement

relations of elasticity leads to the following stress-strain

relations
ai = C. (c f- zx. - e.) (i,j = 1,2,3,6)

2 (6)
a = Ci (C + zKj + 9) (i,j = 4,5)

in standard contracted notation, where C are the components of

the anisotropic stiffness matrix, e. are engineering expansional)
strain components and C?, K. and 8. are defined by

1 1 1

00 0 0

o £4 o + aw °  0 au av
4 y -- ' £5 = x -' £6 = a ()

1K - K K
I  x 2 ay 3

avz K 4pK 4X+ 4
4 S y' 5 ax 6 = ay

B4  y, 5 "x 77
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The stress components 01, a 2 a 43F a 05' 06 stand for ox , y,

a ,Tyz , Txz, Ty, respectively,while e? (i 1,2,...6) represent

corresponding engineering inplane strain components. We introduce

the following stress and moment resultants

H/2

= f aidz (i = 1,2,3,6)

-H/2 (8)

H/2

M f a. zdz

-H/2

where H is the thickness of the global region and N3 and M3 are

mathematical, not physical, quantities.

Substituting equations (6) into (8) and conducting the

integration, we obtain the following constitutive relations for

the global domain 1Nu = A BEO + B BBPu
CL a8 8-

(a,8 = 1,2,3,6)
M =B Co + D
a a8 a8 Q
•= A..E? + B. K. +1

V1 1J J 1J j 1) J

1 (i,j = 4,5)
R B..E . + DijKj + Fijaj

1 1 .i .
( 9 )

i 2 12 ij 3  7 1 ) ij) j
where

H/2

(A ij Bij Di, Fi. H.e) = J(lzz 2z 3z4) C ijdz

-H/2 (i,j=l,2,... ,6)

f H/2 edz

-H/2

H/2

Qa f zC ae Bdz (,8 = 1,2,3,6)

H/2

(ViRiSi) = f H/2i(lzz 2)dz (i=4,5)

-H/2
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With the knowledge of the distribution of elastic properties C..

and expansional strains, one can obtain the values of effective
stiffness matrices A, B, D, F and H; and effective "nonmechanical"

stress and moment resultants, Pi and Q."

As in Ref. 9, we make the following definitions

A H/2 2z 4z2 ) 2dz (10)

-H/2 H

where f may represent any of the displacement variables u, v and
w. Through the use of relations (5) and (10), the functions

involved in the displacements for the global domain can be ex-

pressed as u. = 1-
2

1 -
v 0

L5A

= - U*
x H

(11)
y H

*z H

45 A w
-- (W-)
H

With these relationships, one can express the constitutive relations

for the global domain in terms of the same displacement param-

eters as those for the local domain. This simolifies the defini-

tion of the required continuity conditions.

With the use of the assumed stress field in the local
region and displacement fields in the global region in equation (4),

the required field equations, continuity and boundary conditions

can be obtained. For the local region the equilibrium equations,

constitutive relations, edge conditions and interfacial continuity

conditions are given in Ref. 9. For the global region the equili-

brium equations, which follow from substituting (5) into (4), become
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N +N 5  + t 2  t 1  0

l,x 6,y 2 0

N6 , + N2  + S2 -s 1 =0

H

-N + R + R +-!i(p3 4,y 5,x 2 p1+P2 ) = 0

Mi~ + - =0(12)M + M6 V5 + E (t12t)MI, x  6,y 5 2+ I 2 1

M6, x V + ! (s2+sI) 0

V5  V4 + P2 - Pl = 0

H2

M+ H 2 03 4,y 5,x 8 (P2-Pl

where the symbols ti , si, and pi (i = 1,2) retain the same meaning

as defined earlier for the local domain. Assuming perfect

continuity of tractions and displacements at the g-Z interface,

the local-global interfacial conditions are given by the previous

substitution into (4), as

(k) (k+l)
t2 1t

5  (k) (k+l) (13)
2 1

(k) (k+l)
P2 P

and (a) local-global (interface I of Figure 7a).

5 45 4 55 5 2 x

444T4_45 (k) = [-v + y +l) (13a)

[y 2 S3 3 R2 1 (k) - (w 0 + .*z !2 (k+l)
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Figure 7a. Laminate Half Thickness Divided into more than One
Global Domain with Different Types of Interfaces.
I - Local-Global Interface, II - Global-Local Inter-
face, III - Global-Global Interface.
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It can be shown that if we consider more than one global region,

the following interfacial conditions are required:

(b) global-local (interface II of Figure 7a)

[uo+!. x
]H (k) = [ sS4 Q 4 S5 Q5] (k+l)

(VO+
4  

1 (k) [a -S Q -S Q I (k-)
2[ y 2 4 44 4 45 5 (k3b)

[w2+ H I (k) ] (k+l3b)
w 'z8 = [ 1-S3 3R1

(c) global-global (interface III of Figure 7a)

H (k)H (k )

[vO+1! (k) = [v°.y! ( 1 (k+l)

0 H H2  H 2
[w+z+ I ] = [w-* (k+l) (13c)

where the parameters with superscript 'k+l' represent those for

the layer above the kth layer. The parameters on the left-hand

side of equations (13a) and right-hand side of equations (13b)

are defined in Reference 9. In the expression for R2 of Ref. 9

the roles of p1 and P2 were interchanged by mistake whereas

R1 was correct. The correct expression for R2 is

(6P2+Pl) h 
2-7hNz-30M z  (14)

d70h

For the edge surface of the global domain, one term each of the

following products must be prescribed:

Nu0 Nu0 M s'V 0 (5

NnUn ' NnsUs, M4' n Mns4, V w , R z' Sn4. (15)

The boundary conditions at the top surface are given by
t(N+l) (N+l) H
2 2 or ux + x U

(16)
s(N+l) - (N+l) H

or v +2 y =v

(N+l) -(N+l) H !! + !2
-2P2  or w+-2 z + i W
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where the right hand sides in the aforementioned equations (16)

represent the prescribed external tractions or displacements.

The boundary conditions at the bottom surface remain the same as

those explained in Reference 9. This completes the development

of the present theory. We observe that the governing equations

for the global continuum, equations (9), (12-13), combined with

the governing equations for the local continuum, equations (25-

28) of Ref. 9, and boundary conditions at the bottom and the

top surfaces constitute a set of 23N + 27 equations in terms of

like number of unknowns. This system can be reduced to 13(N+l)

equations by eliminating the force and moment resultants from

the set of governing equations. Relations (15) show that seven

edge conditions are required for the global domain, while 7N

edge conditions are required for the local domain, equations (29)

of Ref. 9.

d. Problem Description

The present model has been used to conduct the free edge

stress analysis in a symmetric laminate consisting of 2(N+M) per-

fectly bonded layers (see Figure 6). The laminate is subjected to

forces applied only c. the ends y = const. such that a constant

axial strain cy = s imposed. Because of the symmetry in ply

orientation of the laminate about the midplane, the deformation

is symmetric with respect to x and z. Only the z symmetry will

be employed in the specific problem treated, so that half of the

laminate thickness has been considered. The lower N layers form

the local region,whereas the remaining M layers constitute the

global region. The stress field in this class of problems is a

function of x and z alone,and consequently the force and moment
resultants and the interlaminar stresses depend on x only.

The theory derived herein has been employed for solving

the edge delamination class of boundary value problems. The

governing equations have been solved for the determination of

stress distribution in the laminate, for a large number of lami-

nates. The derivation of equations for this particular class of

boundary value problems is given in Reference 22. These equations
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have been solved for various laminates and the numerical results

thus obtained are used for the understanding of edge delamination

of composite laminates. (Reference 23, 24)

The research and rationale leading to the development of

the global-local model to examine the detailed elastic response

of composite laminates is reviewed. The accuracy of the global-
local model for elastic stress field analysis of composite lami-

nates is examined by comparison of solutions with this model to

those given by purely local models developed in previous work.

Emphasis is placed on free-edge laminates under interlaminar

normal stresses of small magnitude since they present the most

severe challenge to the model. This leads to a good understanding

of the range of validity of the model. The global-local model
4is used in conjunction with experimental data to examine a pro-

posed failure criterion for delamination and to define the range

where significant influence of the interlaminar stresses on free-

edge laminate failure response is present. (Reference 25)

2. EXPERIMENTAL DETERMINATION OF INTERLAMINAR NORMAL STRESS

To determine the a experimentally, strain in thicknessz
direction was measured at the free edge by employing a miniature

strain gauge and calculating the normal stress from three-dimen-

sional constitutive relations in conjunction with axial and

transverse strain.

The immediate problem encountered was the selection of a

suitable strain gauge size to measure the stra4.n with a reasonable

accuracy at the point where a large stress gradient is expected.

To resolve this problem, the distribution of the interlaminar

normal stress at the region of the midplane of several laminates

's obtained from the analysis (50) and presented in Figure 8.

The analytical result indicates that a is fairly uniform at thez
immediate region of midplane. The flat region of az varies

depending upon the center layer thickness as well as the laminate

thickness. Figure 8 clearly indicates that the strain gauge size
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will significantly influence the result of measurement since the

strain measured by a strain gauge is the average strain of the

gauge length used. The experimental result of strain gauge size

effect is shown in Figure 9. This is obtained from three sizes

of strain gauges mounted on a free edge of the [+302/902] s

laminate. Based on analytical and experimental results, a
strain gauge with a gauge length of 0.008 in. was chosen to measure

c supplied by Micromeasurement, Inc.l z

A preliminary test was conducted to insure the validity of
such a small strain gauge for measurement of strain in composite

laminates. For this purpose, three strain gauges were mounted on

a unidirectional laminate, [018T one in each x, y, and z di-

rection. Strain gauges in x and y directions were mounted on a

free surface of the specimen. Figure 10 shows ey and £z vs.

the axial strain, ex, with the location of the strain gauges. The

longitudinal modulus is determined to be 20.3 x 106 psi. The
Poisson's ratios, v and xz, were found to be identical and

determined to be 0.29. These elastic constants are practically

identical for those of the material system.

To calculate the magnitude of the interlaminar normal stress

using the analysis developed in Section 1 and measured

strains, the following material properties (T300/5208 Gr/Ep)

were used.

Exx = 20 x 106 psi Eyy =E 1.4 x 106 psi

GX = G 0.8 x 10 6 psi Gyz = 0.55 x 10 6 psi

= 0.3 v = 0.5 v = 0.021xy yz yx

where E is the Young's modulus, v is the Poisson's ratio, and G

is the shear modulus. Poisson's ratio vyz was obtained from
Reference 26. Figures 11 and 12 show the experimentally measured

Ez plotted against appliel axial strain for [±30n/90n] and

(+30) n/90]s laminates, respectively. The data point indicated
with solid symbol for respective laminates represents onset of

86



.5- T30W52O8 Gr/Ep

[±3"q/90211

.4 GAGE LENGTH
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Figure 9. Ef fect of Strain Gauge Size on the Measurement
ofe

T300/5208 Gr/Ep
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Figure 10. Transverse Strain vs. Axial Strain.
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Figure 11. Transverse Strain cz vs. Axial Strain cx for
[+302/902]s and [+304/904].
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Figure 12. Transverse Strain c vs. Axial Strain c for

[(+30)2/90]s and [(+30)6/901.
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delamination observed by acoustic emission. In all cases, z

is linearly related with applied axial strain, cx , up to onset

of delamination and thereafter either increases nonlinearly or

indicates overflow. In some other specimens, ez shows a finite

jump prior to onset of delamination and increases with approxi-

mately the same initial slope until delamination. This finite

jump is believed to be due to a transverse crack which occurred

under the strain gauge. The measured values of e for both [+302/

9021 s and [+304/9041 s are practically equal as predicted by

analysis (see Figure 11). The experimentally measured trans-

verse strain, cy, is also plotted against axial strain, Lx, in

Figure 13. The variation of e obtained by analysis is alsoy
indicated in Figure 13. Although the experimentally obtained

C cannot make a direct comparison with analytical strain be-y
cause of high strain gradient in the region of strain gauge, the

experimental result appears to be enough to support the analysis.

It should be noted that the Poisson's ratio measured at the

center of the surface was .31 which is close to .304 predicted

by laminated plate theory.

Because of the difficulty to the instrument a transverse strain

gauge(y direction) at the midplane, calculated ey was used in

conjunction with the measured strains of Lx and Ly to determine

*z . The stress component az in material coordinate system for

a monoclinic material with z = 0 as the plane of symmetry is

given by Reference 27,

03 C1 3  23 2 C33e3 + C36e6  (17)

where C.. are the elements of stiffness matrix and can be ob-
1)

tained from engineering constants of the material system. Equation
(17) is employed to calculate az from measured strains except cy

after the required transformation of the stiffness matrix.

The experimental results for all the laminates tested are

presented along with the analytical calculation in Table 44.
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TABLE 44

AT MIDPLANE OF LAMINATE FOR APPLIED
AXIAL STRAIN OF 0.1t%

Laminate oz . psi

*AalaXSis Exoeriment No. of Specimens

/9 21; 3,120 2"0 3"

|±304/9043. 3,120 3,060 3

JIL3012/90]3 4,320 3,110 2

I 30) 4/90]a 4,600 4,360 2

tL.3016/90]• 4,800 4,640 3

Without presence of curing residual stress

i I
The experimentally determined a z compares very well with the

analytical result for all laminates except for [ (+30)2/90] s.

Table 45 shows the experimentally determined a at the

onset of delamination.

TABLE 45

a AND APPLIED AXIAL STRAIN AT ONSET OF DELAMINATION

Laminate Axial Strain. I C'. )sI

[1302/902). .3S 10.05

|1304/9041s .22 6.73

I (t3o) 2/901s .30 9.33

( ±30) 4/901, .23 9.3S

1( 30) 6/903 .21 9.7S
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The magnitude of az at the onset of delamination is almost

identical for all laminates except for [+304/906]. The average
of az excluding [+304/9041 s is determined to be 9.78 ksi which
is considerably greater than the transverse strength (7.5 ksi)

of the material system.

3. ONSET OF DELAMINATION

An effort has been made to develop a methodology to predict
onset of free-edge delamination based on the stress and failure
analysis considering effect of transverse crack. In previous
sections it was indicated that the calculated interlaminar nor-
mal stress at onset of delamination was found to be approximately

30 percent greater than the transverse strength of the material
system. This discrepancy could be due to the large gradient of

the a along the y-direction which is indicated in Figure 14.
This problem is similar to the hole size effect discussed in Ref.
28. The explanation of hole size effect was based simply on the
difference that exists in the normal stress distribution ahead
of a hole for different sized holes. It is known that, although
all sized holes have the same stress concentration factor, the
normal stress perturbation from a uniform stress state is

considerably more concentrated near the larger hole boundary

than in the case of the smaller hole. Thus, intuitively, one
might expect the plate containing the smaller hole to be the
stronger of the two.

Two types of failure criteria have been considered in

conjunction with the a z distribution obtained from the analy-
tical work in Section 1. The first failure criterion referred
to as the "maximum point stress criterion," assumes failure
to occur when a at the free edge reaches the interlaminar~Z
tensile strength of the material, SI , that is, when

(Y a, =s (18)
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The second alternative failure criterion referred to as the
"average stress criterion", assumes failure to occur when the

average value of az over some fixed distance, ho , ahead of the

free edge reaches the SI , that is, when

1 0 a(y,o)dy = S(19)

h-ho

The critical length, ho, was taken as the one ply thickness

for all cases. Because of experimental difficulty to determine

the interlaminar tensile strength (SI ) of composite laminate,

the interlaminar tensile strength assumed to be equal to the

transverse strength of the material. The transverse strength of

the T300/5208 graphite/epoxy is 7.5 ksi. The stress level at

onset of delamination was determined by using acoustic emission.

Sudden jump of acoustic signal indicates the initiation of de-

lamination as shown in Figure 15.

The type of laminates studied in this program are as follows:

Under Uniaxial Tension

((+30) n/90] s  n = 1,2,4,6, and 10

[+30n/ 90 n]s n = 1,2, and 4

[0/+45/90n]s  n = 1,3, and 6

0 n/445 n/90 n]s n = 1,2, and 3

Under Uniaxial Compression

(0/90n/+4 5 ]s n = 1,3, and 6

10 n/90n /+45 n]s  n = 1,2, and 3

The first four families of laminates show the tensile a at

midplane of free edge under applied uniaxial tension,while the last

two families of laminates show the tensile a z under applied
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Figure 15. Acoustic Emission vs. Applied Stress Which

Indicates the Onset of Delamination.
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unaxial compression. Figures 16 to 21 show the comparison

between prediction and experiment. The solid line and dotted

line indicate the predicted value obtained from the average

stress criterion and maximum point stress criterion, respectively.

Experimental results are indicated as a circle for the various

values of n for each family of the laminate. Each data point

indicates the average of four to seven specimens. The experiment

except for the [0/+45/90 6 s laminate,is compared very well with

the predicted value using the average stress criterion. The

maximum point stress appears to be underestimated in most cases,

and fails in accounting for the laminate thickness in the case

of 10 n/+45 n/90 n s of which a z at the free-edge is independent of

Although the transverse cracks in the first four families of

laminates occur prior to delamination under the tension, the

influence of these cracks appear to be minimal on the onset

of delamination as indicated in Figures 16 to 19. However,

there is a large discrepancy between experiment and prediction

for the (0/+45/906] laminate as shown in Figure 18.
6 s

Typical microphotographs and ultrasonic C-scan pictures
of the delamination pattern under static loading for the (0/+45/

903) s and (0/+45/906)s laminates are presented in Figures 22 and

23, respectively. Each figure shows delamination patterns of

two progressively increased loadings. The pictures of Figures

22a and 23a were taken at the moment delamination occurred.

Photomicrograph and C-scan pictures indicate an edge view (free

edge) and a plane view (surface), respectively. The two bold-

face lines in the C-scan picture correspond to the boundary region

of the intact specimen and the white region represents the

delaminated area. It appears that delamination is initiated

at the central plane for n=l, 3 and at 90/+45 in'erface for n=6.

Under static loading, the formation of the delamination in all

laminates except for the [0/+45/9061 s occurs in the following

manner. Upon a further increase in applied load after trans-

verse cracking, several delaminations in the form of axial
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Figure 16. Comparison of Prediction and Experiment for
Onset of Delamination.
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Figure 17. Comparison of Prediction and Experiment for
Onset of Delamination.
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Figure 18. Comparison of Prediction and Experiment for
Onset of Delamination.

99



[0,f±45,/901

60

40

20

0
0 J1 2 3. 4

n

Figure 19. Comparison of Prediction and Experiment for
onset of Delamination.
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Figure 20. Comparison of Prediction and Experiment for

Onset of Delamination.
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Figure 21. Comparison of Prediction and Experiment for

Onset of Delamination.
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L Ell ~ 12 X

(a) 267 MPa

4~ 12X

I (b) 293 14Pa

Figure 22. Photomicrographs and C-Scan Pictures Showing
Crack and Delamination Under Static Loading
for (0/+45/90O3)s.
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Figure 23. Photomicrographs and C-Scan Pictures Showing

Crack and Delamination Under Static Loading
for (0/±45/90 6).
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cracks form at or near the midplane. However, the major delami-

nation appears to occur at the midplane as shown in Figure 22a.

At this stage, delamination hardly propagates toward the middle

of the specimen as shown in the C-scan picture in Figure 22a.

As load increases further, the delamination opens up further

and either continues to run along the same interface or changes

to other interfaces normally at transverse crack. At this time

the delamination also propagates rapidly toward the middle of

the specimen as shown in the C-scan picture in Figure 22b. The

interlaminar tensile stress appears to be responsible for the

rapid propagation. Unlike these laminates, in the (0/+45/906)
laminate all the delaminations in the form of axial cracks

occur at the tip of the transverse crack at the applied stress below

the expected stress, and failure occurs without revealing any

appreciable growth of delamination as shown in Figure 23a and

b. This premature delamination appears to be mainly influenced

by size of transverse crack which occurred prior to delamination.

To demonstrate further the size effect of transverse crack,

specimens of the [0/903/+451 s and [0/906/+45]s laminates were

subjected to tensile fatigue load to form transverse cracks

since no transverse crack occurred prior to delamination under

uniaxial compression. Figure 24a shows the transverse crack

in the [0/903/+45] s laminate after fatigue. This specimen is

then tested under compression to observe delamination. Figure

24b shows the microphotograph of delamination occurred under

static compression. The major delamination at this time occurred

at the interface between +45/-45 where transverse cracks are

presented. However, the stress level at onset of delamination

is virtually unchanged in the case of (0/903/+45]s and is

slightly decreased in the case of [0/906/+ 451s as indicated with

a solid circle in Figure 20. These are an average of four

specimens of each laminate.

The result indicates that the methodology used in this work

is very promising to predict the stress level onset of delamina-

tion. The influence of the size of transverse crack appears to

be minimal on the onset of delamination when the crack size is

small.
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4. FATIGUE STUDY

An extensive fatigue test program has been initiated to study

the fatigue damage processes and to generate fatigue life data
under various fatigue loads. The fatigue life data will be

compared with the analytical life prediction model which accounts

for the competing failure modes developed in Reference 9.

The material system used in this program was AS/3501 graphite/

epoxy supplied by Fiberite Corp. Three types of laminates

(+45/902, +45/0/90] , and (0/45/90/-451 were fabricated
2 s s 2s

in an autoclave. Three types of fatigue loads considered in

this program are tension-tension (T-T), compression-compression

(C-C), and tension-compression (T-C). All specimens are straight-

sided coupon, 3/4" wide. The specimen length in gauge sec-

tion was 5" for T-T fatigue and 2.5" for C-C and T-C fatigue.

All specimens for C-C and T-C fatigue were tested using a plexi-

glass side support device to prevent specimen buckling. A fatigue

test was conducted using constant-amplitude sinusoidal load

cycles with stress ratio R=1/10 (T-T and C-C fatigue) and a

frequency 10 hz under a laboratory environment. A number of stress

ratios were employed in the T-C fatigue test. Three to five stress

levels were considered to obtain an S-N curve in the T-T and C-

C fatigue test. Fatigue test is terminated for those specimens
6which did not fail at 5 x 10 cycle for the [+45/902] and 1 x

6 2 s
10 cycle for the (0/45/90/-45]2s.

The [+45/0/90) s laminate exhibits an extensive delamination

in both static and fatigue load due to the presence of tensile

interlaminar normal stress at free-edge region under applied

uniaxial tension. The effect of delamination on fatigue life has

been investigated using the [+45/0/90] s laminate. The freeedges of

a half of the (+45/0/90]s specimens were reinforced with fiber-

glass shim cloth to prevent delamination during static and fatigue

test.

A microscope and an x-ray were employed to examine the damage

related to matrix cracking and delamination developed in the

course of the fatigue cycle. Specimens were initially fatigued
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to a predetermined cycle, unloaded and then removed from the

loading frame to examine the damage. This procedure was repeated

with incremental fatigue cycle until final fatigue failure. The

transverse cracks developed in the respective off-axis layer

were listed using a microscope, and the delamination was iden-
tified using an x-ray.

During the current reporting period, a total of 190 specimens
were tested. The data presented in this report are rather in-
complete since this test is being continued. All experimental

data obtained so far were analyzed using two-parameter Weibull

distribution. A data pooling scheme was used to determine a

single value of the shape parameter whenever applicable.

Table 46 presents the summary of static test data for all

three laminates. The [+45/902]s and [0/45/90/-4512s laminates

did not show any delamination under both static tension and

compression until final failure.

The (+45/902] s laminate is much stronger in compression than

in tension as predicted by failure analysis. In the [0/45/90/

-451 2s laminate, the tensile and compressive strengths are
practically identical. A considerable scatter is indicated in the

tensile strength of the [+45/0/90] s for both reinforced and un-

reinforced specimens. The tensile strength was increased by

approximately 20% with the reinforcement. This increase appears

to be due mainly to eliminating free-edge delamination. The

reinforced specimens did not show any delamination in both static

and fatigue load. However, the effect of the reinforcement on

the occurrence of transverse crack, such as the first ply failure,

stress, and crack density appears to be negligible. In the unrein-

forced specimens, where fatigue stress is smaller than the stress

level at onset of delamination, delamination occurred in the

early fatigue cycle and extended rapidly to the middle of the

specimen width as the fatigue cycle increased. Table 47 precents

the summary of the fatigue data of the (+45/0/90]s laminate. The

fatigue life of the specimen was increased substantially by
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preventing the free-edge delamination. The S-N relation for

the reinforced specimens is compared with that for the unrein-

forced specimens in Figure 25. The circles are characteristic

life obtained by experiment and solid lines are eyeball fitting

to the experimental data. The summary of T-T, C-C and T-C

fatigue data for the [+4 5/90 2]s laminate is presented in Table 48.

The S-N relation of T-T fatigue is compared with that of C-C

fatigue in Figure 26. The compressive fatigue strength is con-

siderably greater than the tensile fatigue strength for this

laminate as in static strength. Since it is known that the

statically stronger specimen has the longer fatigue life, the

fatigue stress was normalized with respect to mean static

strength to obtain an S-N relation for the normalized fatigue

stress. The difference between tension and compression in

fatigue strength is reduced remarkably in the normalized S-N curve

as shown in Figure 27. Considerable damage in the form of trans-

verse crack was observed in T-T fatigue specimens but no damage

was observed in C-C fatigue. This laminate does not exhibit

any delamination in both T-T and C-C fatigue. Therefore, the

transverse crack appears to be responsible for lower tensile

fatigue strength of this laminate which has the matrix dominated

failure mode. Table 48c presents the summary of the T-C fatigue

data. The data indicates the pronounced effect of mean stress

level on the fatigue life. For the identical peak stress in

tension and compression, all the specimens reveal tension failure

probably due to the lower strength in tension.

Table 49 presents the summary of fatigue data for the

[0/45/90/-4512s laminate. Figure 28 shows the S-N curve of

T-T and C-C fatigue. Although the compressive static strength

is slightly smaller than the tensile static strength, the

compressive fatigue strength is slightly stronger than tensile

fatigue strength as shown in Figure 28. The damage incurred

during fatigue load was examined using a microscope and x-ray.

The x-ray of typical specimens fatigued up to one million cycles

are shown in Figure 29 for T-T fatigue and Figure 30 for C-C

fatigue. In T-T fatigue specimen, extensive delamination and
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TABLE 48

FATIGUE DATA FOR Gr/Ep [+45/902]

(a) Tension-Tension

S ,Ksi Characteristic LifCycle to Failure for Common Sp = 5.1

18.4 2,950 1,230 2,460 2,180 2,270 2,436

16.5 9,430 8,250 10,470 7,150 9,410 9,214

13.6 165,370 118,750 107,690 65,110 146,360 35,964

12.5 570,110 1,028,040 754,760 722,420 602,460 10,000

11.0 All five specimens ran out at 5 x 106 cycl

(b) Compression-Compression

Characteristic Life
Smax , Ksi Cycles to Failure for Common &p = 1.77

32.2 8,030 1,230 4,690 1,970 930 4,109

28.00 17,670 16,350 13,170 49,190 33,990 28,665

24.10 455,070 309,140 311,690 324,710 543,750 397,578

22.00 469,890 3,365,760 771,970 1,175,280 934,850 1,615,236

20.00 All five specimens ran out at 5 x 106 cycle

(c) Tension-Compression

Stress Range,Ksi
Smax min Cycles to Failure Weibu11 Parameter

12.5 -22 3,410 4,210 2,830(T) 2,900(?) 3,740(T: 7.2 3,644

17.5 -17 600(T) 910(T) 2,720(T) 530(T) 1.5 1,340

7.5 -27 1,430(C) 2,250(T) 3,910(T) 1,090(C) 2.2 2,477

7.5 -22.5 7,880(T)

10 -10 67,550(T)

12.5 -12.5 20,340(T)
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TABLE 49

FATIGUE DATA FOR Gr/Ep [0/+45/90/-4512 s

(a) Tension-Tension

Sa Ksi Cycle to Failure Characteristic Life
max I for Common &p-2.81

60 11,760 7,160 13,120 8,390 10,610

53 66,950 204,400 131,550 198,670 167,726

50 j 642,550 660,560 149,910 242,830 516,237

48 186,030 278,470 *lxlO 6  *lxlO 6  -

45 729840 *lxlO6  *IxlO6 *1xl06

(b) Compression-Compression

Characteristic Life
S max, Ksi Cycle to Failure for Common tp-l.l

65 150 8,240 6,100 590 3,958

60 75,550 53,330 37,680 44,960 53,064

53 792,580 154,710 112,600 63,340 294,210

50 943,730 214,710 *1xl06  *lxlO6 -

45 616,380 *1x10 6  *1x106  *ix10 6

(c) Tension-Compression

Stress Range
Smax Smin Cycle to Failure

27.5 -27.5 873,670 484,930 *ixl06 *x10 6

15 -40 663,760 387,640 740,720

10 -45 182,640 121,750

40 -15 769,150 820,990 *lxl36

45 -10 268,900 638,050

*Indicates runout at the cycle
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Specimen
ID

2-21-19

2-21-20

(a) S R = 48 to 48 ksi

2-21-6

2-21-8

2- 1-
2-21-26

(b) .R 45 to 45 ksi

Figure 29. X-ray Showing the Damage Incurred at One Million
Cycles Under Tension-Tension Fatigue for
10/45/90/-4532 Laminate.



Specimen

ID

2-21-71

2-21-76

(a) SR = -. 50 to -50 Ksi

2-21-77

2-21-78

2-21-76

(b) SR  -.45 to -50 Ksi

2-21-80

2-21-80

2-21-89

2-21-82

(C) SR = -.40 to -40 Kai

Figure 30. X-ray Showing the Damage Incurred at One Million
Cycles Under Compression-Compression Fatigue for
(0/45/0/-45 a Laminates.
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and transverse cracks were developed as shown in Figure 29.

However, in the C-C fatigue specimen no damage was observed except

for the case of 50 Ksi of fatigue stress. A limited local de-

lamination near the endtab area occurred in the case of 50

Ksi as seen in Figure 30a. In this specimen no transverse crack

was found. In the T-C fatigue specimen, extensive transverse crack

occurred and delamination is rather moderate as shown in Figure

31. Tensile load is mainly responsible for all the damage in

T-C fatigue.

All survived specimens were subjected to residual strength

test and the result is summarized in Table 50. All the specimens

fatigued under tension-tension load show the substantial decrease

in both tensile and compressive strength. The reduction of

static strength in tension and compression is approximately 23%

in tension and 60% in compression. A considerable specimen

buckling occurred in the compressive residual strength test

because of the extensive delamination, and resulted in very low

compressive residual strength. On the other hand, all the sur-I

vived specimens in compression-compression fatigue load show a

slight increase in both tensile and compressive residual strength.

In tension-compression fatigue load, the reduction of tensile

j strength appears too insignificant,but the reduction in compressive

strength is appreciable. The limited local delamination appears

to be responsible for the lower compressive residual strength.

The damage incurred during the tension-compression fatigue with

various stress ratios is being reduced.

A series of fatigue tests was conducted to determine the

effect of fatigue load frequency on fatigue life under tension-

tension cyclic load. The material system used in this test was

T300/5208 graphite/epoxy with (0/90/+45] orientation. Four

frequencies considered are one, five, ten and 20 Hz at 60 Ksi

of maximum fatigue stress level. A tensile coupon 3/4 in. wide

was tested until final failure. A thermocouple was instrumented

on the surface of two specimens for each frequency. The tem-

perature rise during the entire fatigue life was continuously
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Specimen- ID

2-21-39

- 2-21-38

S R 27.5 to -27.5

Figure 31. X-ray Showing the Damage Incurred at One
Million Cycles Under Tension-Compression
Fatigue for 10/45/90/-451 2s Laminates.
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monitored using a strip chart recorder. A total of 62 specimens

with 15 to 16 replicas were tested during the current reporting

period. Weibull parameters were estimated for each frequency

by using the maximum likelihood method, and the common shape

parameter was obtained by pooling all the data. Figure 32 shows

the distribution of fatigue data with common shape parameters.

The various symbols represent the experimental data for each

frequency. Table 51 presents a summary of the test results. The

frequency effect on fatigue life appears to be insignificant

for this laminate in the frequency range considered. Figure 33

shows the temperature rise with cycles endured. The temperature

rise is substantial in 10 and 20 Hz compared with one and five Hz.

This test will be extended to the laminate having a notch

and matrix dominated failure mode. The frequency of zero, one Hz

will be included in this test.
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TABLE 51

SUMM4ARY OF FATIGUE RESULTS

T300/5208 Gr/Ep [0/90/+4515 -,mx 60 ksi

No. of AWeibullA PgoJled '0
Frequency Sp~ecimeni a6 a = 1.06

p

1 15 1.59 18,800 17,010

5 16 0.90 18,741 21,312

10 15 0.98 20,474 21,176

20 16 0.95 16,677 17,408

Static Strength =84 ksi

SS -71
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