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FOREWORD

This document was prepared by the Boeing Aerospace Company for the National
Aeronautics and Space Administration, Langley Research Center in com-
pliance with Contract NAS1-15644, "Design, Fabrication and Test of
Graphite/Polymide Composite Joints and Attachments for Advanced Aerospace
Vehicles."

This report is one of five volumes that will document contract results. It
summarizes the results of the Task 1.2.1 "Design Allowables Test." The
other four volumes will fully report contract results for Task 1.0 "Design
of Attachments" and Task 2.0 "Bonded Joints."

Dr. Paul A. Cooper was the contracting officer's technical representative
for the full contract and Gregory Wichorek was the technical representative
for design allowables testing of Celion 6000/PMR-15. Boeing performance
was under the management of Mr. J. E. Harrison. Mr. D. E. Skoumal was the
technical leader. Major participants in this program were Stephen F.
McCleskey, Celion 6000/PMR-15 testing; James B. Cushman, Celion 3000/PMR-
15 testing; Sylvester G. Hill, Materials and Processes.

Certain materials are identified in this publication in order to specify
adequately which materials were investigated. In no case does such identi-
fication imply recommendation or endorsement of the material by NASA, nor
does it imply that the materials are necessarily the only ones or the best
ones available for the purpose.
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1.0 SUMMARY

A design allowables test program was conducted to evaluate graphite poly-
imide composites over a temperature range of 116K (-2500) to 589K (600°F).
A total of 225 tests were conducted on Celion 6000/PMR-15 composites in
fulfillment of Task 1.2.1.1 of NASA contract NAS1-15644 as amended. A
total of 189 tests were conducted on Celion 3000/PMR-15 composites under
Boeing IR&D funds. Tests were conducted to measure tension, compression,
flatwise (out-of-plane) tension, in- plane shear, interlaminar shear and
coefficient of thermal expansion (CTE) properties.

Celion 3000/PMR-15 laminates were tested at 294K (70°F) and 561 (55QOF).
Material environmental conditionings evaluated were 1) cured/post-cured;
2) thermally aged; 3) thermally cycled; and 4) moisture saturated. Tension
ultimate strength, tangent modulus and Poisson's ratio were determined for
(::916, 903,,) (0/445/90) 45 and (+45)gc laminates. Compression ultimate
strengfﬁ§ and modulus were measured for a (90/1_45/0)4S Jaminate. In-plane
shear strength and modulus were measured for a (i45)3s laminate. CTE
properties were measured for a (0/1_45/90)4S laminate and a modified high
temperature adhesive designated A7F that is described. Flatwise (out-of-
plane) tension strengths were measured for a (0/1_45/90)ZS laminate and a
(0/1_45/90)2S laminate bonded to honeycomb core.

Celion 6000/PMR-15 laminates were tested at 116K (-250°F), 294k (70°F), ,
589K (600°F). Material was evaluated at a conditioning of "baseline dry".
Ultimate tension strengths, tangent modulus and Poisson's ratio were
determined for 08, (0/+45/90/-45) S and (145)2$ laminates. Ultimate com-
pression strength, tangent modulus and Poisson's ratio were determined for
016’ (0/+45/90/—45)25 and (145)4S laminates. In-plane ultimate shear

stress and shear modulus were measured for a (0/+45/90/-45)S laminate.
Interlaminar shear strength was measured for a (0)20 laminate.



Test results show a consistent material performance over the temperature
range and environmental conditions evaluated. Material strengths and
stiffnesses were of sufficient magnitude to demonstrate Celion 3000/PMR-15
and Celion 6000/PMR-15 as viable materials for use in structural applica-
tions a% temperatures up to 58%K (600°F).

Celion 6000/PMR-15 laminates had strengths and moduli that varied from 0%
to 56% less than Celion 3000/PMR-15 laminates depending on the lay-up and
temperature. Moisture saturated specimens had no strength decrease when
tested at room temperature. However, rapid heating, .23K/sec (25°F/m1n),
caused blistering of the 561K (550°F) test specimens and subsequent reduc-
tion of matrix dominated Taminate strengths (up to 62 percent of (90)30
when compared with cured/post-cured specimens). The (0'145‘90)4S satur-
ated laminate strength was approximately 77 percent of the cured/post-
cured laminate capability at 561K (550°F). Thermal cycling produced
micro~-cracks in (0/145/90)S laminate. The CTE of A7F adhesive decreased
when thermally aged. Test results also show that in-plane shear modulus
data for (0)N and (0/145/90)NS laminates can be determined by simple ten-
sion tests using bi-axial strain gages.



2.0 INTRODUCTION

Graphite polymide composites have shown potential for use as a structural
material at elevated temperatures on advanced aerospace vehicles. An
experimental program to develop several types of graphite/polyimide
(GR/PI) bonded and bolted joints was funded under NASA contract NASI1-
15644. The program consists of two concurrent tasks. TASK 1 is concerned
with design and test of specific built-up attachments, while TASK 2 evalu-
ates standard and advanced bonded joint concepts. The purpose is to
develop a data base for the design and analysis of advanced composite
joints for use at elevated temperatures (561K (550°F)). The objectives are
to idenfity and evaluate design concepts for specific joining applications
and to identify the fundamental parameters controlling the static strength
characteristics of such joints. The results from these tasks will provide
the data necessary to design and build GR/PI lightly loaded flight com-
ponents for advanced space transportation systems and high speed aircraft.
To evaluate graphite/polyimide a design allowables test program was con-
ducted to measure material properties of Celion 6000/PMR-15 composites in
fulfiliment of Task 1.2.1.1 of the contract. Additional testing was con-
ducted on Boeing Independent Research and Development (IR&) funds to
measure properties of Celion 3000/PMR-15 composites.

This report presents test procedures and results of the Celion 3000/PMR-15
and Celion 6000/PMR-15 design allowables test programs. Tests were con-
ducted to measure tension, compression, flatwise (out of-plane) tension,
in-plane shear, interlaminar shear and coefficient of thermal expansion
(CTE) properties. Test temperatures for the Celion 3000/PMR-15 were 294%
(70°F) and 561% (550°F) while specimen conditioning included 1) cured/
postcured; 2) thermally aged; 3) thermally cycled; and 4) moisture
saturated. Test temperatures for the Celion 6000/PMR-15 were 116°K
(-250°F), 294% (70°F), and 589° K(600°F) with all specimens conditioned
to "baseline dry". Test results from these programs were used to design
and analyze graphite/polyimide joints. Test data also provide preliminary



design properties for graphite/polyimide composites and demonstrate con-
sistent material performance at elevated temperatures.

This is one in a series of five reports that will fully document the
results of design, analysis and test activities performed under NASA
contract NAS1-15644. The other reports are:

1. "Design, Fabrication and Test of Graphite/Polyimide Composite
Joints and Attachments (TASK 1.0)" - Executive Summary

2. "Design, Fabrication and Test of Graphite/Polyimide Composite
Joints and Attachments (TASK 1.0)" - Data Report

3. "Test and Analysis of Celion 3000/PMR-15 Graphite/Polyimide
Bonded Composite Joints (TASK 2.0)" - Executive Summary

4. "Test and Analysis of Celion 3000/PMR-15 Graphite/Polyimide
Composite Bonded Joints (TASK 2.0)" - Data Report



3.0 PURPOSE

The purpose of this document is to present test procedures and results of
the design allowables test programs conducted for Celion 3000/PMR-15 and
Celion 6000/PMR-15 graphite/polyimide composites. Testing of Celion
3000/PMR-15 was conducted under Boeing IR&D funds. Testing of Celion
6000/PMR-15 was conducted under Task 1.2.1.1 of NASA Contract NAS1-15644
as amended.
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4.0 MATERIAL AND SPECIMEN FABRICATION

This section describes materials, processing and specimen fabrication pro-
cedures used for this program.

4.1 Materials

Composite materials characterized under this program were laminates of
graphite fibers preimpregnated with polyimide resin. The polyimide resin
was PMR-15 and the graphite fibers were Celanese Corp. Celion 3000 and
Celion 6000 with NR-150B2G sizing. Material was procured from U.S. Poly-
meric Inc., Santa Ana, California, to the material specification in NASA CR
159182 (ref. 3). Special requirements were imposed on the supplier that
Timited the size of resin batches mixed to 11 Kg (24 1b) maximum. This was
to 1imit the exothermic reaction during mixing. Prepreg material was
procured in sufficient quantity to fabricate the required specimens in
Matrix 1 (Table 5.1-1) and Matrix 1A (Table 6.1-1) plus approximately 10%
spares. Prepreg for each matrix was fabricated from one fiber lot.
Because of 1imits on resin batch size more than one batch of resin was
needed to make the required amount of prepreg; however, the prepreg was
delivered under one lot number. Quality Control (Q.C.) tests were con-
ducted on any prepreg roll that was made from a different resin batch.
Quality control test results for the Celion 3000 and Celion 6000 lots used
are given in Table 4.1-1. Chemical characterization tests were also con-
ducted using high pressure liquid chromatography.

Q.C. tests included mechanical property tests and chemical characteriza-
tion tests as specified in the material specification, NASA CR 159182

(ref. 3). In some cases, material with Q.C. mechanical properties lower
than the specification requirements was accepted. This was because of the
experimental nature of this material system and the fact that the specifi-
cation requirements were based on a small sample size. The primary control



for acceptance or rejection of the prepreg was the chemical characteriza-
tion test of the prepreg resin. Results of these tests were considered the
principal indicator of material processabilty.

The high temperature adhesive tested under this program was designated

A7F. AJF is a 50:50 resin solids copolymer blend of NASA's LARC 13
adhesive (Supplied by NASA, LaRC) and AMOCO's Al 1130L Amide-Imide. Sixty
percent by weight aluminum powder and 5% by weight cab-o-sil is added. The
material system is then blended to a uniform consistency. The adhesive was
spread on a 2 mil fiberglass scrim to make adhesive film for bonding
operations.

4.2 Specimen Fabrication Procedures

A11 specimens were fabricated using processes and procedures defined in
NASA document NASA CR 159182 (ref. 3). The cure cycle used is defined in
Table 4.2-1 and Figures 4.2-1 and 4.2-2. Completed panels were inspected
using NDI procedures in NASA document NASA CR 159129 (ref. 4). Specimen
fabrication flow for the Celion 3000 and 6000 specimens are shown in
Figures 4.2-3 and 4.2-4, respectively.

A1l panels were fabricated and then inspected by C-scan. Once the panels
had passed C-scan, the load tabs were bonded on, where applicable, prior to
cutting the panel into specimens. Conditioning of the panels, except for
moisture conditioning (Celion 3000), and "baseline dry" (Celion 6000) was
done prior to cutting them into specimens to avoid edge effects.

Load tabs were glass/polyimide bonded with A7F (LARC 13 Amide-Imide Modi-
fied) adhesive. Load tabs for some of the room and low temperature speci-
mens were bonded with a low temperature adhesive to reduce costs.

Honeycomb core used was HEXCEL HRH 327-3/16-8. This is a glass/polyimide
core with 4.76mm (3/16 inch) cell size and 128 kg/m> (8 1b/ft3) density.
Core was 19mm (.75 inch) thick.



4.3 Effects of Conditioning On Panels

After panel conditioning, test samples were cut and polished and photo-
mcrographs of Lhe sections prepared. Figures 4.3-1 through 4.3-8 compare
the extent of microcracking in quasi-isotropic Celion 3000/PMR-15 panels
that were conditioned either by thermal aging (125 hours at 589K (600°F))
or by thermal cycling (125 cycles, 116K (-?SOOF) to 589K (600°F)), with a
one-hour hold at 589 (600"F) each cycle. Fiqures 4.3-1 and 4.3-? compare
typical sections of thermally aged vs. thermally cycled panels; the latter
microcracked in the outer layers. Figures 4.3-3 and 4.3-4 show higher
magnification views of the same panels. It is evident, from Figures 4.3-1
and 4.3-3 that:

1. the exposure to 589K (6000F) for 125 hours did not result in
microcracking

2. the original cure/postcure cycle did not result 1n microcracking
the PMR-15 matrix successfully withstands the high residual
stresses that result from cooling down from the 602K (625°F)

peak cure/postcure temperature.

However, the thermal cycling does result in microcracking, as evident 1n
Figures 4.3-2 and 4.3-4 and also in 4.3-5 and 4.3-6. The latter pair of
photomicrographs are of a less-typical (but nevertheless frequently
appearing) area where microcracking was not limited to the surface layers.
Figures 4.3-7 and 4.3-8 are photomicrographs of a (145)8S panel that was
subjected to the 125 thermal cycles; a relatively minor amount of micro-
cracking 1n the outer layers 15 evident.

Microcracking 1s attributed to the stresses which result from the dif-
ference in CTE (Coefficient of Thermal Expansion) of the fibers and resin.
These stresses are higher in cross-plied laminates due to the resulting
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biaxial restraint. Other conditions affecting the formation and degree of
microcracking include:

cooling to lower temperatures (e.g., 116K (-250°F))
2. increase in resin brittleness (correlates with an increase in
glass transition temperature (Tg))
thermal shock
fiber volume
microcrack growth due to cycling.

The microcracks do not break any fibers, but they do act as miniature
stress concentrators, resulting in some small loss in properties. Mater-
ial performance similar to that described above would be expected for
Celion 6000/PMR-15.

Table 4.3-1 presents data on the change in glass transition temperature
(Tg) for Celion 3000/PMR-15 as a result of the thermal aging and thermal
cycling conditioning. As expected, the increase in Tg is higher for
thermally cycled panels, as their time/temperature exposure includes 125
hours at 589K (600°F) plus the additional elevated temperature exposure
during heatup and cooldown. A similar change in Tg for Celion 6000/PMR-15
would be expected.
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Table 4.1-1: Quality Control Test Results - Celion 3000 & Celion 6000

Celion 3000/PMR-15 CeTion
PROPERTY REQUIREMENTS | PANEL 2W4582-1R PANEL 2W4582-2R  |6000/PMR-15
(From Roll #1) (From Roll #3) LOT 2W4878
Fiber Volume, % 58 2 49.5 53.3 58,5
Resin Content, % (by Weight) 30 3 43,1 39.5 36.
Specific Gravity g/cc 1.54 1.530 1.550 1.61
Void Content, % 1. -0.2 -0.4 1
At Ambient 1515 (220) 1386 (201) 1586 (230) 1538 (223)
Flexural
Strength | At 589K (600°F) 757 (110) 931 (135) 958 (139) 827 (120)
MPA (ksi
(kst) Aged, at 589K (600°F) 757 (110) 938 (136) 1110 (161) 958 (139)
At Ambient 17 (17) 123 (17.9) 116 (16.9) 123 (19.9)
Flexural
Modulus At 589K (600°F) 103 (15) 101 (14.7) 103 (14.9) 108 (15.7)
GPa (msi) Aged, at 589K (600°F) 103 (15) 102 (14.8) 104 (15.1) 134 (19.4)
220” Beam! at Ambient 96 (14) 101 (14.7) 101 (14.6) 92 (13.3)
ear
Strength | At 589K (600°F) 41 ( 6) 68 ( 9.9) 63 ( 9.2) 59 ( 8.5)
MPa (ks1) | pged, at 589K (600°F) 8 (6) 63 ( 9.1) 59 ( 8.5) 59 (8.6)
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Table 4.2-1 Celion 3000/PMR-15 and Celion 6000/PMR-15
Cure Cycle Requirements

Place layup (Figure 4.2-1) in an autoclave and attach a vacuum source
capable of maintaining 100-170mm (4-6 inches) Hg vacuum level.

Heat the part/assembly to 463 +5,-0 K (375+10,-0 °F) at the rate of
2.0-3.0 K (4-6°F) per minute. Change heating rate at 463 +5,-0 K (375
+10,-0 °F) to 1.1-1.7 (2-3°F) per minute to 522 +5 K (480 +10 °F).
See Fi1g. 4.2-2.

After the part/assembly has been held for 30 minutes at 522 +5,-0 K
(480 +10,-0°F), apply 650mm (24 inches) vacuum minumum and 1379 Pa
(200 psi) positive pressure for the remainder of the cure cycle.

After the 1379 Pa (200 psi) positive pressure has been applied, heat
part/assembly at the rate of 1.5-2.5K (3-5°F) per minute to 602 +0,
-2.2 K (625 +0,-10°F). Hold at 602 K (625°F) under pressure for 120
+10,-0 minutes. See Fig. 4.2-2.

Cool the part/assembly under pressure at the maximum of 1.1K (2°F) per
minute. See Fig. 4.2-2. /

When the part temperature falls below 322K (120°F) pressure can be
released and the part removed from the autoclave.

After removal of the part/assembly from vacuum bag, postcure in an air
circulating oven 6 hours at 602K (625°F). (Note: Part shall be
restrained during postcure cycle with Armalon release fabric and min-
imum of 3 piles 181 glass fabric in contact with part/assembly.) Heat
up rate to 602K (625°F) shall be 2.0-3.0k (4-6°F) per minute with the
cool down rate not to exceed 1.1K (2°F) per minute. Part/assembly
temperature shall not exceed 322°%k (120°F) before restraining devices
are removed.
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LAMINATE
Q.C. FABRICATION MACHINING CONDITIONING
SPECIMEN SPECIMEN SPECIMEN
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BONDING & NUMBERING EST LABS TATION

[=> Except for moisture conditioning.

D Moisture condition specimens for Test 6

had strain gages installed prior to
conditioning.

Figure 4.2-3: Specimen Fabrication Flow - Celion 3000/PMR-15

LAMINATE
MATE%IAL =P PANEL  pm=pi  NDI MAmﬁliNG
Q.C. FABRICATION
SPECIMEN
SPECIMEN
TAB SPECIMEN DELIVER TO
BONDING  [P| MACHINING ~pmemdy oy 17 10N ING TEST LABS.
& NUMBERING =

[> Specimen for tests 1 thru 6 only.
[> Specimens requiring strain gages were instrumented

prior to conditioning

Figure 4.2-4: Specimen Fabrication Flow - Celion 6000/PMR-15
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Outside -0° Ply
+45°

S ~ Outside 0° Ply
Figure 4.3-1: 214582-148 (0,+45,9%),, Condition 2, Aged

Outside 90° Ply
+450

127 um
(.005 in)[:'»~'

Microcracks

Microcracks

Figure 4.3-2: 2WA4582-13B (90,j95,0)4s, Condition 3, Cycled
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Figure 4.3-4: 2WA582-13B (90,+45,0)

Condition 3, Cycled
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Figure 4.3-6: 2W4582-13B (90,145,0)45, Condition 3, Cycled
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Figure 4.3-7: 2W4582-11B (145)85, Condition 3, Cycled

127 um
(.005 in

Figure 4.3-8: 2W4582-118B (195)85, Condition 3, Cycled
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Table 4.3-1:

Celion 3000/PMR-15

Effect of Laminate Conditioning on Tg

Panel No. As Cured/Postcured | After Aging After Cycling
2W4582-7 619K (655°F) - 626K (667°F)
2W4582-10 614K (646°F) 624K (664°F) -
2W4582-13 621K (658°F) - 639K (691°F)
2W4582-14 611K (640°F) 620K (657°F) -




5.0 CELION 3000/PMR-15 TESTING

This section presents the test matrix, specimen configurations, test pro-
cedures and test results for all testing of Celion 3000/PMR-15 Tlaminates
and A7F adhesive. Also included is a data summary showing averages and
coefficient of variations for each test type. The fiber volume of the
Celion 3000/PMR-15 specimen was taken to be 51.4%. This was based on the
average of the fiber volumes of the quality control panels (Table 4.1-1).

The following test procedures were common to all tests: specimen temper-
atures were controlled using procedures described in section 5.2; all
critical specimen dimensions were measured and recorded prior to test;
load versus strain or deflection was recorded using a Balwin recorder;
specimen number, dimensions, test temperature and ultimate failure load
were recorded on test laboratory data sheets.

5.1 Test Matrix and Specimen Configuration

The design allowables test matrix for Celion 3000/PMR-15, Matrix 1, is
shown in Table 5.1-1. Specimen configurations are shown in Figures 5.1-1
through 5.1-9. Those specimens that were strain gaged are shown in Table
5.1-2. Strain gage locations are shown in Figures 5.1-10 through 5.1-12.
Note that Celion 6000/PMR-15 was substituted for Celion 3000/PMR-15 for
test 5 (sandwich beam compression of a (0/i45/90)3 laminate). Included in
Matrix 1 are CTE tests for the A7F adhesive.

The test matrix was established to evaluate effects of temperature and
environmental conditioning on material performance. Environmental condi-
tions evaluated were cured/postcured, thermally aged, thermally cycled and
moisture saturated. Test temperature and conditioning environments are
defined in Matrix 1, Table 5.1-1.
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5.2 Test Temperatures

Test temperatures for the Celion 3000/PMR-15 tests were controlled as
follows:

Room temperature tests were conducted in the normal laboratory environment
(nominally 294% (70°F)). No special environmental conditioning was used.

For the elevated temperature tests (561°K (550°F) the specimens were
placed in an enclosure as shown in Figure 5.2-1 that was electrically
heated using resistance heating elements. No radiation shield was used to
protect the specimens from direct thermal radiation. Temperatures were
controlled to +6K (110°F) by placing thermocouples on the specimens which
were connected to a Thermac Model 624A temperature controller.

For the 116% (-250°F) tests, specimens were placed in an enclosure as
shown in Fig. 5.2-2 that was cooled by evaporating liquid nitrogen. Tem-
peratures were controlled to +6K (ilOoF) by placing thermocouples on the
specimens which were connected to an electro-pneumatic controller that
pumped in the liquid/gaseous nitrogen.

A11 specimens were brought to temperature and then soaked for 10 minutes
prior to test except for moisture conditioned specimens which were soaked
for 5 minutes.



Table 5.1-1: Test Matrix I - Design Allowables Celion 3000/PMR-15

TEST NUMBER OF TESTS AT
LAMINATE CoRRITIONING 561K 116K | TOTAL NUMBER | SPECIMEN
. TYPE ORIENTATION = RT (550°F) | (-250°F) |OF SPECIMENS | CONFIGURATION
7 3 3 3
1 TENSION 0‘;6 2 3 3 6 Figure 5.1-1
3 5 5 10
1 3 3 6
2 TENSION %03, : . 2 - Figure 5.1-2
: 3 3 6
1 3 3 6
. 2 3 3 6 :
3 TENSION (o’t‘S/”)s 3 5 5 10 F‘|gur! 5.1-3
4 0 5 5
1 3 3 6
2 3 3 6
4 COMPRESSION (50,445.0), : 5 - 10 Figure 5.1-4
COMPRESSTON
5 (SANDWICH BEAM) (07+45/90) g 2 6 6 12 Figure 5.1-5
7 3 3 3
2 3 3 6
6 SHEAR (+45) Figure 5.1-6
(TENSION TEST) = '8s : 8 3 ‘g g
FLATWISE TENSION 1 3 3 3 9
T it (0/+45/30) ¢ . : - : : Figure 5.1-7
1 3 3 3 9
FLATWISE TENSION .1-8
8 (H/C CORE) (0/+45/90) 5 2 3 3 3 9 Figure 5.1
g . ! : TESTS CONDUCTED :
CTE ADHESIVE (> 2 2 T 2 PER PROCEDURES
: " (-250°F) ;
1 CTE (0/+45/90) 2 2 TO 589K (600°F) 2 PER PROCEDURES
4s 3 2 2
‘ i 3 3 5 -
13 RAIL (+45) 5¢ 2 2 2 4 Figure 5.1-9

[T= CcoNDITION CODE

3 -

1 - As cured/postcured
2 - Soaked for 125 hrs at 589K (600°F)-in a

one (1) atomosphere environment (air)

Thermally cycled 125 times in a temperature

range from 116K to 589K (-250°F to 600°F)

and in a one (1) atmosphere environment (air)
The cryogenic temperature of 116K (-250°F)

shall be held for one-half (1/2) hrs and

the maximum temperature of 589K (600°F)
shall be held for one (1) hr per cycle.

The heat-up and cool-down rates shall be
approximately 8.3K/min (15°F/min)

E=A7F (LARC-13, Amide-Imide modified)
Adhesive film cured into bulk neat
resin specimens.

Moisture Conditioned - Condition in a chamber maintained at
222 + 6K (140°F + 10°F) and 95% relative humidity at atmospheric
pressure until specimen is saturated.

23




ve

Table 5.1-2: CELION 3000/PMR-15 TEST MATRIX 1 STRAIN GAGED SPECIMENS

TEST LAMINATE | CONDITIONING | N0 OF STRAIN GAGED TOTAL NUMBER STRAIN GAGE
5 LAYUP e S L Sl LOCATIONS
NO. TYPE RT 550°F GAGED SPECIMENS
1 = . —
1 TENS ION 046 2 ) ) -
3 2 2 4
1 - - - Figure
o 2 - - = 5.1-10
4 - -
1 - Z =
2 - - =
3 TENSION (0,#45,90) 4o 3 2 4
4 -
COMPRESSION Figure
5 |(SANDWICH BEAM)[(05#45,90)¢* 2 ¢ : 4 5.1-11
] - - -
SHEAR 2 1 ] 2 Figure
6 | (BY Tenson) | (¥48)gs 3 2 - 2 5.1-10
4 3 3 g
SHEAR 145 1 3 3 6 Figure
10 | (goNDED RAILS) (+45)35 2 2 2 4 5.1-12
[ CONDITION CODE
1 - As Cured/postcured 4 - Moisture Conditioned - Condition in a chamber
2 _ Soaked for 125 hrs at 600°F in a maintained at 140°F + 10°F and 95%
one (1) atmosphere environment (air) relative humidity at atmospheric pressure until
specimen is saturated.
3 - Thermally cycled 125 times in a temperature
range from -250°F to 600°F
and in a one (1) atmosphere environment (air)
The cryogenic temperature of -250°F * Celion 6000/PMR-15
shall be held for one-half (1/2) hrs and
the maximum temperature-of 600°F . . .
shall be held fgr one (1) hr per cycle. = §tra1n gaged specimens are.1nc1uded
The heat-up and cool-down rates shall be in total specimens in Matrix 1, Table

approximately 15°F/min
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Figure 5,1-1: Celion 3000/PMR-15 Design Allowables Test No. 1,

0016 Tension Specimen
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Figure 5,1-2 : Celion 3000/PMR-15 Design Allowables Test No. 2,
9030, Tension Specimen

305mm (12.0in)

- 76.2mm FIBERGLASS TABS
623;2;") (2 Places) J
(2.5in) ,
25.4mm
- 0° (1.0in)

Figure 5.,1-3: Celion 3000/PMR-15 Design Allowables Test No. 3,
(0,145,90)45, Tension Specimen
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25. 4mm i
0° (1.0in) =0
ROOM TEMPERATURE T ELEVATED TEMPERATURE *

Figure 5.1-4 : Celion 3000/PMR-15 Design Allowables Test No. 4,
(9O,i45,0)4s, Compression Specimen
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(HEXCEL DESIGNATION)

* (Celion 6000/PMR-15 Substituted for Celion 3000/PMR-15

Figure 5,1-5 : Celion 6000/PMR-15 Design Allowables Test No. 5,
Sandwich Beam Specimen*
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Figure 5.1-6 : Celion 3000/PMR-15 Design Allowables Test No. 6,
i4508s’ Tension Specimen

31.7 mm (1.25 inch) dia.
Titanium

N (0/+45/90),,

Celion 3000/PMR-15

Figure 5.1-7 ¢ Celion 3000/PMR-15 Design Allowables Test No. 7
Flatwise Laminate- to-Laminate Tensile Specimen

]
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POLYIMIDE CORE LOAD
HRH 327-3/16-8.0 BLOCKS
POLYIMIDE ADHESIVE — 19,1 mm (.75 in) THICK f
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Figure 5,1-8 : Celion 3000/PMR-15 Design Allowables Test No. 8,
Flatwise Laminate-to-Core Tensile Specimen
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Figure 5,1-9 : Celion 3000/PMR-15 Design Allowables Test No. 13
Rail Shear Specimen
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Figure 5.1-10: Strain Gage Locations: Tests 1, 2, 3 and 6 Celion 3000/PMR-15 Design Allowables
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! 4 TITANIUM SKIN

* (Celion 6000/PMR-15 Was Substituted for Celion 3000/PMR-15

Figure 5.1-11: Strain Gage Location: Test 5* Celion 6000/PMR-15 Design Allowables
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Figure 5.1-12: Strain Gage Location:
Test 13 Celion 3000/PMR-15 Design Allowables
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Figure 5.2-1: Elevated Temperature Enclosure
Celion 3000/PMR-15 Design Allowables
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Figure 5.2-2: Reduced Temperature Enclosure
Celion 3000/PMR-15 Design Allowables

31



32

5.3 Tension Tests

This section presents test procedures and test results for tension tests of
0> 90%50, (0/+45/90),¢ and (+45)gc laminates.

5.3.1 Test Procedures

Tension tests (tests 1, 2, 3, and 6 of Matrix 1) were conducted in
accordance with ASTM D-3039 . Specimens were installed in a Baldwin
Universal test machine using Zapel grips. A typical test set-up is shown
in Figure 5.3-1. Extensometer clips were attached to the specimens using a
50.8mm (2.00 in.) gage length. Where applicable, strain gages were con-
nected to x-y plotters. Thermocouples were installed at the center of each
specimen and 50.8mm (2.0 in.) above and below the center to monitor temper-
ature gradients. No thermocouples were used for the room temperature
specimens. A strain rate of 8.3 x 10'5 m/m-sec (.005 in/in-min) was
applied and controlled using a strain pacer connected to the test machine.

5.3.2 Test Results

Test results are summarized in Tables 5.3-1 through 5.3-4. Typical failed
specimens, except moisture saturated, are shown in Figures 5.3-2 through
5.3-5.

Test results are plotted as functions of temperature and specimen condi-
tioning in Figures 5.3-6 through 5.3-21. The OO16 laminates are fiber
dominated and are not significantly affected by temperature (see Fig. 5.3-
6, -7). As the laminate strengths become more resin dominated, (0,+45,
90)45, 145085 and 90030, the property degradation with temperature becomes
more significant. This trend is shown by the data in Figures 5.3-8 through
5.3-13.



Ultimate tensile stresses, in general, show a decline due to aging (Cond.
2) and thermal cycling (Cond. 3), except for the 145085 laminates. The
i4508$ laminate strength at room temperature is not affected by aging
(Cond. 2) while there is a significant drop in strength due to thermal
cycling (Cond. 3), (see Fig. 5.3-10). At elevated temperature, there is
no significant change in the 1458S laminate strength due to aging or
thermal cycling (see Fig. 5.3-11). This is because the j45°8s laminate is
resin matrix dominated and the resin strength degradation due to tempera-
ture is large compared to any strength degradation caused by aging or
thermal cycling. In addition, the elevated temperature acts as a stress
reliever to any locked in stresses caused by thermal cycling.

Tension modulus data are shown in Figures 5.3-14 through 5.3-21. As
expected, fiber dominated laminates show no change due to increased tem-
perature (see Fig. 5.3-14). As laminates become more matrix dominated,
(0,145,90)5, +45, and 900, the reduction in tension modulus due to tem-
perature becomes greater (see Figs. 5.3-16 through 5.3-21). Aging and
thermal cycling did not seem to have any significant effect on tension
modulus (see Figs. 5.3-14 through 5.3-21).

The data indicate that moisture conditioning does not have any significant
effect on tension strength and modulus when tested at room temperature;
however, all the elevated temperature specimens had significant blistering
of the laminate visible after test. This was caused by vaporization of the
entrapped moisture and resulting internal pressure which resulted in
separation of the lamina. The specimens were brought up to temperature in
approximately 20 minutes and then held at temperature for 5 minutes prior
to test. The blistering was most pronounced on the (90)30.1am1nate and
explains the Tow tension strength and modulus at 5619 (550°F) shown in
Figure 5.3-13 and 5.3-21. Blistering of the (0/i45/90)43 laminate was less
severe and, because the major portion of the load is carried by the 0° and
45° lamina, any strength degradation would be less pronounced (See Figures
5.3-9 and 5.3-17). The (145)85 laminate also had blistering, however, the
elevated temperature strength data was lost because of premature load pad
failure. The modulus data are valid since they are based on strain gages.
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Test Setup

: Typical Tension

Figure 5.3-1

Celion 3000/PMR-15 Design Allowables
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TABLE 5.3-1. CELION 3000/PMR-15 DESIGN ALLOWABLES TENSION TESTS (0116 LAYUP

(a) S| UNITS
EXTENSOMETER DATA STRAIN GAGE DATA
COND. TEST FAILURE FAILURE FAILURE TENSION TENSION POISSON’S
CODE SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN  MODULUS  MODULUS RATIO
MM MM K N MPA GPA GPA

1 4A-1 1.22 12.83 294, 19528, 1245, .0110 118.2
1 4A-2 1.17 12.95 294, 19328, 1269. .0098 129.8
1 4A-3 1.28 12.85 294, 20840. 1318. .0110 120.7
1 4A-4 1.20 12.81 561. 21174. 1373. .0110 130.3
1 4A-5 1.23 12.96 561. 20195. 1262. .0098 117.3
1 4A-6 1.24 12.65 §61. 20017. 12781 .0118 128.9
2 4B-1 1.22 12.98 294, 19061 . 1205. .0092 120.9
2 4B-2 1.09 12.98 294, 19617. 1388. .0102 139.8
2 4B-3 22 12.96 294, 20039. 1267. .0100 127.9
2 4B-7 1.12 12.88 §61. 16636 . 11581, .0092 131.1
2 4B-8 ot 12,99 561. 16770. 1106. .0078 135.1
3 4C-1 1.16 12.86 294, 18438. 1242. .0092 132.9
3 4C-2 1.18 12.838 294, 18149, 1197, .0098 130.7
3 4C-3 117 12.80 294, 17748, 1191, .0096 126.7
3 4C-4 1.22 12.80 294, 20195. 1293. .0095 118.7 131. 0.3108
3 4C-3% 1.17 12.74 294, 18860. 1265. .0106 123.6 128. 0.3441
3 4C-6 1.21 12.74 561. 19216. 1246. .0096 126.0
] 4C-7 1.18 12.71 561. 17909. 1189, NO DATA 133.7
3 4C-8 1.16 12.75 561. 17926 . 1218. .0104 125.6
3 4C-9 1.18 12.65 §61. 16903, 1129, .0095 1270 141. 0.3000
3 4C-10 1.15 125172 §61. 16948. 1157. .0092 116.8 160. 0.5026

NOTE: FIBER VOLUME = §1.4 %
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TABLE 5.3-1. CONCLUDED
(b) U.S. CUSTOMARY UNITS

EXTENSOMETER DATA  STRAIN GAGE DATA

COND. TEST FAILURE FAILURE FAILURE TENS ION TENSION POISSON’S
CODE SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN  MODULUS  MODULUS RAT!O
IN IN F LBS KS|1 MS| MSI
1 4A-1 .0480 . 50538 70. 4390. 180.6 .0110 17.15
1 4A-2 .0462 .5100 70. 4345. 184 .1 .0098 18.82
1 4A-3 .0484 .5060 #HO% 4685. 191.2 .0110 17.50
1 4A-4 .0473 .5045 §50. 4760. 199.1 .0110 18.90
1 4A=5 .0485 .5103 §50. 4540. 183.0 .0098 17.01
1 4A-6 .0490 .4980 §50. 4500. 184.4 .0118 18.69
2 4B-1 .0480 .5110 70. 4285, 174.8 .0092 17.583
2 4B-2 .0430 .5091 70. 4410. 201.3 .0102 20.28
2 4B-3 .0480 .5102 70. 4505. 183.8 .0100 18.55
2 4B-7 . 0441 .5069 550. 3740. 167.0 .0092 19.02
2 4B-8 .0460 .5115 550. 3770. 160.4 .0078 19.59
3 4C-1 . 0455 .5063 70. 4145. 180.2 .0092 19.27
3 4C-2 .0465 .5050 70. 4080. 173.6 .0098 18.96
3 AC-3 .0459 .5040 70. 3990. 17251 .0096 18.37
3 4C-4 .0480 .5041 70" 4540. 187.6 .0095% e 19.0 0.3108
3 4C-5 .0460 .5015 70. 4240. 183.5 .0106 17.92 18.6 0.3441
3 4C-6 .0476 .5018 §50. 4320. 180.7 .0096 18.27
3 4C-7 .0465 . 5002 §50. 4026. 172.5 NO DATA 19.39
3 4C-8 .0455 . 5021 §50. 4030. 176.7 .0104 18.22
3 4C-9 .0465 . 198% 550. 3800. 163.7 .0095 18.45 20.5 0.3000
3 4r-10 .0454 .5006 550. 3810. 167.8 .0092 16.94 23.2 0.5026

NOTE: FIBER VOLUME = §1.4 7%
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TABLE 5.3-2. CELION 3000/PMR=-15 DESIGN ALLOWABLES TENSION TESTS [90130 LAYUP

(a) S1 UNITS
EXTENSOMETER DATA STRAIN GAGE DATA
COND . TEST FAILURE FAILURE FAILURE TENSION TENSION POISSON’S
CODE SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN MODULUS MODULUS RATIO
MM MM K N MPA GPA GPA

1 8A-1 2.37 25.60 294, 3336. 54.8 .0074 1/ ot
1 8A-2 2.32 25.58 294, 3043, 51.2 .0063 8.48
1 8A-3 2.37 25.61 294, 2135, 35.1 .0044 8.34
1 8A-4 2.16 25.35 §61. 970. 0% o1 .0030 6.00
1 8A-5 2.14 25.49 §61. 1246. 22.8 .0044 5.58
1 8A-6 2.16 25.58 561. 1076. 19.4 .0034 5.58
2 8B-1 2.31 25.48 294, 2535. 43.1 .0054 8.14
2 8§B-2 2.37 25.48 294. 3043 . 50.8 .0064 8.48
2 8B=-3 2.36 25.55 294, 2580, 42.7 .0052 8.48
2 8B-4 2.34 25.63 561. 1165. 19.3 .0036 5.65
2 8B~-5 2.39 25.50 561. 1112. 18.3 .0037 4.96
2 8B=6 2.34 25.70 561, 970. 16.1 .0028 6.21
3 9B-1 2.29 25.43 294. 2616 . 45.0 .0061 7.65
3 9B-2 2.34 25.34 294, 2531, 42.5 .0056 7.45
3 9B-3 2.34 25.48 294, 2447 . 40.9 .0054 7.79

3 9B-4 2.29 25.37 294. 2046 . 35.2 .0046 8.00 8.76 0.0323

3 9B-5 2.30 25.43 294, 2589, 44.3 .0059 8.14 8.48 0.0316
3 9B-6 2.30 25.50 561. 716. 12.2 .0023 §5.86
3 9B-7 2.32 25.50 561, 1076. 18.1 .0043 4.90
3 9B-8 2.32 25.49 §61. 649. 11.0 .0025 4.41

3 9B-9 riordif 25.68 561. 1277 21 . 0041 6.48 6.29 0.0165

3 9B-10 2.26 25.68 §561. 1152, 19.8 .0040 §5.38 6.14 0.0187
4 1-2-4-1 2.36 25.46 294, 2398. 39.9 .0050 7.381
4 1-2-4-2 2.34 <%.43 294, 2691, 45.3 .0052 7.38
4 1-2-4-3 2.36 25.46 294, 2611. 43 .4 .0058 7.31
4 1-2-4-4 2.34 295.45 §561. 445, 7.4 NO DATA 2.34
4 1-2-4-5 2.36 25.50 561. 436 . 2 NO DATA 2.93
4 1-2-4-6 2.41 25.44 561. 507. 8.3 .0026 2.87

NOTE: FIBER VOLUME = 51.4 %
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TABLE 5.3-2. CONCLUDED
(b) U.S. CUSTOMARY UNITS

EXTENSOMETER DATA STRAIN GAGE DATA

COND. TEST FAILURE FAILURE FAILURE TENSION TENSION POISSON’S
CODE SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN MODULUS MODULUS RATIO
IN IN K LBS KSI MS| MS|
1 8A-1 .0934 1.0080 70. 7580, 7.950 .0074 1.12
1 8A-2 .0915 1.0070 70. 684. 7.420 .0063 1.23
1 8A-3 .0934 1.0083 70. 480. 5.090 .0044 {2
1 8A-4 .0850 0.9980 550. 218, 2.570 .0030 0.87
1 8A-5 .0841 1.0036 §50. 280. 3.310 .0044 0.81
1 8A-6 .0850 1.0070 550. 242, 2.820 .0034 0.81
2 8B-1 .0908 1.00338 70. §70. 6.250 .0054 1.18
2 8B-2 .0935 1.0030 70. 684. 7.290 .0064 1.23
2 8B-3 .0928 1.0060 70. 580. 6.200 .0052 1.238
2 8B-4 .0923 1.0092 §50. 262. 2.800 .0036 0.82
2 8B-5 .0940 1.0039 §50. 250. 2.650 .0037 0.72
2 8B-6 .0922 1.0120 §50. 218. 2.330 .0028 0.90
3 9B-1 .0900 1.0011 70. 588, 6.520 .0061 1.11
3 9B-2 .0923 0.9978 70. 569 . 6.170 .0056 1.08
3 9B-3 .0923 1.0080 70. $50. 5.930 .0054 1.138
3 9B-4 .0900 0.9989 70. 460. 5.110 .0046 1.16 1.27 0.0323
3 9B-5 .0904 1.0011 7o) 5§82, 6.430 .0059 1.18 1.238 0.0316
3 9B-6 .0904 1.0040 §50. 161. 1.770 .0023 0.85
3 9B-7 .0915 1.0039 §50. 242. 2.630 .0043 0.71
3 98-8 .0912 1.0034 §50. 146. 1.600 .0025 0.64
3 9B-9 .0892 1.0111 550. 287. 3.180 .0041 0.94 0.91 0.0165
3 9B-10 .0890 1.0109 5§50, 259. 2.870 .0040 0.78 0.89 0.0187
4 1-2-4-1 .0930 1.0022 70. 539. 5.783 .0050 1.06
4 1-2-4-2 .0920 1.7013 70. 605. 6.569 .0052 1.07
4 1-2-4-3 .0930 1.0028 70. 587. 6.298 .0058 1.06
4 1-2-4-4 .0920 1.0021 550, 100. 1.079 NO DATA 0.34
4 1-2-4-5 .0930 1.0039 §50. 98. 1.044 NO DATA 0.43
4 1-2-4-6 .0950 1.0015 550. 114, 1.204 .0026 0.42

NOTE: FIBER VOLUME = 51.4 %
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TABLE 5.3-3. CELION 3000/PMR-15 DESIGN ALLOWABLES TENSION TESTS [0/+-45/90148 LAYUP

(a) S| UNITS
EXTENSOMETER DATA STRAIN GAGE DATA
COND. TEST FAILURE FAILURE FAILURE TENSION TENSION POISSON’S
CODE SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN  MODULUS MODULUS RATIO
MM MM K N MPA GPA GPA

1 14A-1 2.35 25.702 294, 30871. 510. .0103 $0.7

1 14A-2 2.45 25.718 294. 31049. 493. NO DATA 49.8

1 14A-3 2.33 25.486 294. 31093. 523. .0112 46.9

1 14A-4 2.41 25.707 561. 31582, $09. NO DATA 44.2

1 14A=-5 2.46 25.705 561. 31138. 491. L0112 44.2

1 14A-7 2.44 25.707 561. 27935. 445, S OdA 45.0

2 14B-1 2.42 25.634 294, 29091. 468 . .0098 49 .1

2 14B-2 2.31 25.695 294, 29002, 489, NO DATA §51.2

2 14B-38 2.39 25.679 294, 29180. 475. .0096 §0.1

2 14B-4 2.45 25.748 561. 29180, 463 . .0101 47 .1

2 14B-5 2.41 25.664 561. 27134. 438, .0107 41.0

2 14B-6 2.36 25.705 §561. 27579. 455. .0096 49.4

3 15B-1 2.51 25.5873 294, 24065. 374, .0088 47.0

3 158-2 215511 25.603 294. 25844, 402. .0101 46.7

3 158-3 2.50 25.527 294, 26689. 417. .0097 45.8

3 15B-4 2.50 25.555 294, 25577. 400. .0104 42 .1 45.0 L3152

3 15B=-5 2.52 25.582 294, 26378. 410. .0100 44.3 47.9 .3407

3 15B-6 Z.51 25.453 561, 25855. 396. .0087 53.3

3 15B-7 2.50 25.436 561, 20417. TAB FAILURE NO DATA 45.5

3 15B-8 2.49 25.585 561, 25043, 392. .0097 40.9

3 15B-9 2.50 25.596 561. 22508. 351, .0078 43.0 A47.5 .3425

3 15B=10 2.51 25.522 561. 23442. 365. .0100 46.0 48.0 .3529

G 1-3-4-1 2.57 25.710 561. 25088. 381, .0099 39.1

4 1-2-4-2 2.57 25.679 561. 25177. 382. .0096 39.8

4 1-3-4-8 2.59 25.735 561. 22775. 342. .0087 39.7

4 1-3-4-4 i 25.725% 561. 25177, 381, .009% 39.6

4 1-3-4-5 2.59 25.748 561. 24421. 366. .0095 39.0

NOTE: FIBER VOLUME = 51.4 %
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TABLE 5.3-3. CONCLUDED
(b) U.S. CUSTOMARY UNITS

EXTENSOMETER DATA STRAIN GAGE DATA

COND. TEST FAILURE FAILURE FAILURE TENSION TENSION POISSON'S
CODE SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN  MODULUS MODULUS RATIO
IN IN F LBS KS|1 MS| MSI
1 14A-1 .0926 1.0119 70. 6940. 74.0 .0103 7.36
1 14A-2 .0963 1.0125 70. 6980. 71.5 NO DATA 7.22
1 14A-3 .0919 1.0034 70. 6990. 75.8 .0112 6.80
1 14A-4 .0950 1.0121 $50. 7100. 73.8 NO DATA 6.41
1 14A-5 .0970 1.0120 550. 7000. 71.2 0112 6.41
1 14A-7 .0960 1.0121 550. 6280. 64.6 L0111 6.52
2 14B-1 .0953 1.0092 70. 6540. 67.9 .0098 7.12
2 14B-2 .0908 1.0116 70. 6520. 70.9 NO DATA 7.43
2 14B-3 .0942 1.0110 70. 6560. 68.9 .0096 1/ ot
2 14B-4 .0963 1.0137 §50. 6560. 67.2 .0101 6.83
2 14B-5 .0950 1.0104 $350. 6100. 63.5 .0107 5.94
2 14B-6 .0928 1.0120 §50. 6200. 66.0 .0096 7.16
3 15B-1 .0990 1.0068 7fie) 5410. 54.2 .0088 6.82
3 15B-2 .0988 1.0080 70, §810. 58.3 .0101 6.78
3 15B-3 .0986 1.0050 70. 6000. 60.5 .0097 6.64
3 15B-4 .0985 1.0061 70. §750. $8.0 .0104 6.11 6.52 .3152
) 15B-5 .0991 1.0052 70. §930. 59.5 .0100 6.42 6.95 .3407
3 15B=-6 .0990 1.0021 550. 5§700. 57.4 .0087 7.73
3 15B-7 .0983 1.0014 550. 4590. TAB FAILURE NO DATA 6.60
3 15B-8 .0981 1.0073 550, 5630, 56.9 .0097 5.93
3 15B-9 .0986 *.0077 §50. 5060. 50.9 .0073 6.23 6.89 .3425
3 15B-10 .0990 1.0048 §50. §270. 52.9 .0100 6.67 6.96 .3529
4 1=83=-4-1 .1010 1.0122 $50. 5640, §5.2 .0099 §.67
4 1-3-4-2 .1010 1.0110 550. $660. 55.4 .0096 §.77
4 1-3-4-3 .1020 1.0182 550. 5120. 49.6 .0087 5.76
B 1-3-4-4 .1010 1.0128 550. 5660. 55.3 .0095 §.75
4 1-3-4-5 .1020 1.0137 §50. 5490, 53.1 .0085 5.65

NOTE: FIBER VOLUME = 51.4 %
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TABLE 5.3-4. CELION 3000/PMR-15 DESIGN ALLOWABLES TENSION TESTS [+-4518S LAYUP

(a) S| UNITS
EXTENSOMETER DATA STRAIN GAGE DATA
COND. TEST FAILURE FAILURE FAILURE TENSION TENSION POISSON’S
CODE SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN  MODULUS MODULUS RATIO
MM MM K N MPA GPA GPA

1 10A-1 2.55 25.733 294, 13011. 198. NO DATA 14.3

1 10A-2 2.55 25.697 294, 13634. 208, NO DATA 15.0

1 10A-3 2.57 25.756 294, 13367. 202. NO DATA 14.2

1 10A-4 2.55 25.70%5 §561. 6672. 101. .0430 6.8

1 10A-5 2.57 25.748 561. 7348, il NO DATA 9.1

2 10B-1 2.45 25.700 294, 12277. 194, NO DATA 14.4

2 10B-2 2.50 25.758 294, 13278. 205. NO DATA 14.1

2 10B-3 2.45 25.730 294. 13656. 216. NO DATA 14.9

2 10B-4 2.49 25.730 294, 13300. 207. NO DATA 14.5 16.5 .8690

2 10B=-5 2.50 25.679 §61. 6236. il - NO DATA 9.7

2 10B-6 2.51 25.773 §561. 6041. 93. NO DATA 9.3

2 10B-7 2.46 25.756 561. 7384. 116. NO DATA 8.1

2 10B-8 2.41 25.629 561. 5987. 97. NO DATA 10.2 10.1 .8139

3 11B-1 2.48 25.700 294, 8096. 1275 .0172 12.5

3 11B-2 2.48 25.664 294. 9519. 150. NO DATA 13.7

3 11B-38 2.48 25.502 294, 9942. 157. NO DATA 13.4

3 11B-4 2.44 25.748 294, 10898. 173. NO DATA 13.0 14.9 .8258

3 11B=-5 2.48 25.522 294, 9341. 147. NO DATA 12.6 14.3 .T449

3 11B-6 2.50 25.603 561. 6557. 102 NO DATA 8.8

3 11B-7 2.41 25.692 §61. 6984. 112. NO DATA 9.5

3 11B-8 2.46 25.629 §61. 7509, 119, NO DATA 10.5

3 11B-9 2.49 25.679 561, 7215. 112. NO DATA 10.1

3 11B-10 2.40 25.776 §561. 6646 . 107 NO DATA ol

4 1-6-4-1 2.59 25.613 294, 15947, 241, NO DATA 19.0 1§.7 L7681

4 1-6-4-2 2.59 25.588 294. 16014. 242. NO DATA 16.7 15.2 .8364

4 i=6-4-3 2.46 25.702 294, 12566. 199. NO DATA 14.3 15.9 .7909

4 1-6-4-4 2.59 25.705 561. 6885. TAB FAILURE NO DATA 12

4 1-6-4-5 2.59 25.702 §61. 6072. TAB FAILURE NO DATA 8.9

4 1-6-4-6 2.54 25.712 561. 5405. TAB FAILURE NO DATA 8.1

NOTE: FIBER VOLUME = 51.4 %
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TABLE 5.3-4. CONCLUDED
(b) U.S. CUSTOMARY UNITS

EXTENSOMETER DATA STRAIN GAGE DATA

COND. TEST FAILURE FAILURE FAILURE TENSION TENSION POISSON’S
CODE SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN  MODULUS MODULUS RATIO
IN IN F LBS KS1 MS| Ms|
1 10A-1 .1003 1.0131 70. 2925. 28.7 NO DATA 2.08
1 10A-2 . 1005 1.0117 70. 3065. 30.1 NO DATA 2.18
1 10A-8 1011 1.0140 70. 3005. 29.3 NO DATA 2.06
1 10A-4 . 1005 1.0120 §50. 1500. 14.7 .0430 0.99
1 10A-5 .1010 1.0137 550. 1652. 16.1 NO DATA 1.32
2 10B-1 .0965 1.0118 70. 2760. 28.2 NO DATA 2.09
2 10B-2 .0985 1.0141 70. 2985. 29.8 NO DATA 2.05
2 10B-3 .0966 1.0130 70. 3070. 31.8 NO DATA 2.16
2 10B-4 .0981 1.0130 70. 2990, 30.0 NO DATA 2.10 2.40 .8690
2 10B=-5 .0984 1.0110 §50. 1402. 14.0 NO DATA 1.40
2 10B-6 .0990 1.0147 §50. 1368, 13.5 NO DATA 1.35
2 10B-7 .0969 1.0140 $50. 1660. 16.8 NO DATA 1.18
2 10B-8 .0950 1.0090 550. 1346. 14.0 NO DATA 1.48 1.46 .8139
3 11B-1 .0975 1.0118 70. 1820. 18.4 .0172 1.81
3 11B-2 .0975 1.0104 70. 2140. 2107 NO DATA 1.99
3 11B-3 .0977 1.0040 70. 2235. 225 NO DATA 1.95
3 11B-4 .0960 1.0137 70. 2450. 25.1 NO DATA 1.89 2.16 .8253
3 11B-5 .0977 1.0048 70. 2100. 21.3 NO DATA 1.838 2.08 . 7449
3 11B-6 .0984 1.0080 $50. 1474, 14.8 NO DATA IR
3 11B-7 .0948 1.0115 §580. 1570. 16.38 NO DATA 1.38
3 11B-8 .0970 1.0090 550. 1688, Uriob: NO DATA 1.58
3 11B-9 .0980 1.0110 550. 1622, 16.8 NO DATA 1.46
3 11B-10 .0944 1.0148 §50. 1494, 15.5 NO DATA 1.12
4 1-6-4-1 .1020 1.0084 70. 3585. 35.0 NO DATA 2.75 2.27 . 7581
4 1-6-4-2 .1020 1.0072 70. 3600. 35.1 NO DATA 2.42 2.21 .8364
4 1-6-4-3 .0970 1.0119 70. 2825. 28.8 NO DATA 2.07 2.31 .7909
4 1-6-4-4 .1020 1.0120 §50. 1550. TAB FAILURE NO DATA 1.04
4 1-6-4-5 .1020 1.0119 550. 1365. TAB FAILURE NO DATA 1.29
4 1-6-4-6 .1000 1.0123 550, 1215. TAB FAILURE NO DATA 1.18

NOTE: FIBER VOLUME = 51.4 %
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5.4 Compression Tests

This section presents test procedures and test results for the compression
tests of (90/i45/0)45 coupon specimens and (0/145/90)S sandwich beam
specimens.

5.4.1 Test Procedures

End loaded coupon compression tests (test 4 of Matrix 1) were conducted in
accordance with ASTM D 695. Room temperature tests were conducted using
the test fixture shown in Figure 5.4-1. It was subsequently discovered
that this fixture could not be used for the elevated temperature tests.
Elevated temperature tests were therefore conducted using the test fixture
shown in Figure 5.4-2. The fixtures are similar, except for specimen size,
and provide lateral support to prevent premature buckling. To provide a
comparison between the two fixtures some room temperature tests were also
run using the elevated temperature fixture. After conditioning, specimens
were installed in the appropriate compression fixture. Extensometer clips
were attached to the specimen using a 25.4mm (1.00 in.) gage length. A
typical test setup is shown in Figures 5.4-3. No strain gages were used
because of fixture space restrictions. Load was applied at a strain rate
of 8.3 x 10 m/msec (.005 in/in-min).

Sandwich beam compression tests (test 5 of Matrix 1) were conducted in
accordance with ASTM C393. A schematic of the test set-up is shown in
Figure 5.4-4. Note that the test Tlaminate was Celion 6000/PMR-15 instead
of Celion 3000/PMR-15. After conditioning, the specimen was installed in
the 4 point load fixture. Where applicable, strain gages were connected to
an x-y plotter. Load was applied at a cross head speed of 2.1 x 10'5 m/sec
(0.05 in/min).
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5.4.2 Test Results

Test results are summarized in Tables 5.4-1 through 5.4-2. Typical failed
specimens are shown in Figure 5.4-5 through 5.4-7.

Test results are plotted as functions of temperature and conditioning in
Figures 5.4-8 through 5.4-13. The Celion 3000/PMR-15 shows a drop in
strength at elevated temperature but no significant change in modulus.
Conditioning did not affect the material performance. The Celion
6000/PMR-15 also showed a slight drop in strength at elevated temperature
with no change in modulus.

Room temperature end loaded coupon tests were run using the two different
test fixtures to enable a comparison of test results: Cured/Post Cured
specimens differed by 11.8% while thermally cycled specimens differed by
5.5%. These differences are considered reasonable because of the small
number of specimens.

A comparison between the coupon tests and the sandwich beam tests has also
been made. Average compression failures stresses for the coupon specimens
were 512 MPa (74.2 Ksi) and 413 MPa (59.9 Ksi) at room temperature and 561K
(550°F) respectively which are higher than the sandwich beam test results
which were 452 MPa (65.6 Ksi) and 393 MPa (57.0 Ksi) respectively. Average
compression moduli for the coupon tests were 38.7 GPa (5.62 x 106 psi) and
41.5 GPa (6.02 x 10° psi) at room temperature and 561K (550°F) respectively
which are lower than the sandwich beam test results which were 61.9 GPa
(8.98 x 100 psi) and 59.9 GPa (8.68 x 106 psi) respectively. The compres-
sion moduli for the sandwich beam specimens are based on strain gages
bonded to the outer or 0° ply. These differences in failure stress and
moduli can be partially attributed to differences in material and layup.
The coupon specimens had 90° plies on the outside which would provide
buckling support to the primary load carrying o° plies. This could result
in a higher failure stress than when the 0° plies are on the outside as in
the sandwich beam specimens. Examination of the sandwich beam specimens

indicates a combined peel and buckling failure. Differences in moduli are
attributed to differences in extensometer versus strain gage data.
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Figure 5.4-2: Compression Fixture 561K (550°F)
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Celion 6000/PMR-15
Nominal Thickness
1.02 mm (.04 in)

(0,145,90)S
+
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1.02 mm (.04 in) ey ~——(2.,00 in)
Ti-6A1-4V Skin Typ
SPAN
2
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Figure 5.4-4: Celion 6000/PMR-15* Design Allowables Sandwich Beam
Compression Test Setup (Schematic)

* Celion 6000/PMR-15 Was Substituted for Celion 3000/PMR-15
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Figure 5.4-6: Celion 3000/PMR-15 Compression Tests [90/i45/0]45 Layup - Failed Specimens
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TEST TEMPERATURE = 294K (70°F)
CONDITIONING — AGED 125 HRS @ 589K (600°F)

TEST TEMPERATURE 561K (550°F)
CONDITIONING — AGED 126 HRS @ 589K (600°F)

Figure 5.4-7: Celion 6000/PMR-15 Sandwich Beam Compression Tests
[0/1‘_45/90]S Layup - Failed Specimens
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TABLE 5.4-1. CELION 3000/PMR-15 DESIGN ALLOWABLES COMPRESSION TESTS [90/+~45/014S LAYUP

(a) SI UNITS
EXTENSOMETER DATA
COND . FIXTURE TEST FAILURE FAILURE FAILURE COMPRESSION
CODE SPEC IMEN USED THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN MODULUS
MM MM K N MPA GPA
1 12A-1 FIG. 5.4-1 2.45 25.489 294. 33184. §32. NO DATA 41.4
1 12A-2 FIG. 5.4-1 2.47 25.608 294, 33095. §23. .0134 41.2
1 12A-3 FIG. §5.4-1 2.45 25.662 294, 31138. 496. .01382 41.3
1 12A-4 FIG. 5.4-2 2.46 12.764 294, 18198, §78. .0156 43.3
1 12A-5 FIG. 5.4-2 2.438 12.7438 561. 18193. 589. .0127 45.9
1 124-6 FIG. §.4-2 2.47 12.746 561. 15969. 506 . .0133 44.7
1 12A-7 FIG. §.4-2 2.48 12.764 561. 12766. 403. .0106 41.2
1 12A-8 FIG. §.4-2 2.48 12.756 561. 12055. 381. .0098 44.9
2 12B-1 FIG. §.4-1 2.45 25.519 294, 29358. 470. .0140 35.8
2 12B-2 FIG. §.4-1 2.43 25.514 294. 30070. 485. .0136 39.2
2 12B-38 FIG. §.4-1 2.43 25.502 204, 34518, §58. .0152 39.2
2 12B-5 FIG. §.4-1 2.43 25.575 294, 33273. §534. L0157 40.7
2 12B-4 FIG. §.4-2 2.47 12.756 561. 12989. 412. NO DATA 40.3
2 12B-7 FIG. §.4-2 2.44 12.736 561. 12500. 408. NO DATA 42.1
2 12B-8 FIG. §.4-2 2.44 12.700 561. 13167. 425. .0110 42.2
3 13B-1 FIG. 5.4-1 2.438 25.522 294, 30248. 487. .0114 47.2
3 13B-2 FIG. §5.4-1 2.38 25.461 294. 31315. §18.° .0144 38.3
3 13B-3 FIG. 5.4-1 2.46 25.547 294, 36120. §76. .0176 38.4
3 13B-4 FIG. 5.4-2 2.43 12.720 294, 17215. §$56. .0153 47.0
3 13B-5 FIG. §.4-2 2.42 12.758 561, 12322, 399, .0105 39.3
3 13B=6 FIG. 5.4-2 2.43 12.675 561. 12144, 394. .0113 44.7
3 13B-7 FIG. 5.4-2 2.44 12.639 561. 13300. 430. .0115 41.1
3 13B-8 FIG. §.4-2 2.41 12.720 561, 14590. 477. NO DATA 45.2
3 13B-9 FIG. §.4-2 2.41 12.715 §561. 12322. 402. .0104 40.4
3 13B-10 FIG. 5.4-2 2.47 12.728 561, 14501. 461. .0116 49.2
3 13B=-11 FIG. 5.4-2 2.42 12.736 561. 14368. 467 . .0117 41.7
3 13B=-12 FIG. 5.4-2 2.48 12.713 561, 17126. §54. .0146 46.3

NOTE: FIBER VOLUME = 51.4 %
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TABLE 5.4-1. CONCLUDED
(b) U.S. CUSTOMARY UNITS

EXTENSOMETER DATA

COND . FIXTURE TEST FAILURE FAILURE FAILURE COMPRESSION
CODE SPECIMEN USED THICKNESS  WIDTH TEMPERATURE LOAD STRESS STRAIN MODULUS
IN IN - F LBS KSI MSI

1 12A-1 FIG. 5.4-1 .0964 1.0035 70. 7460. 77.1 NO DATA 6.01
1 12A-2 FIG. §.4-1 .0972 1.0082 70. 7440, 75.9 .0134 5.97
1 12A-3 FIG. 5.4-1 .0964 1.0108 70. 7000. 71.9 .0132 §5.99
1 12A-4 FIG. §.4-2 .0970 0.5025 70. 4090. 83.9 .0156 6.28
1 12A-5 FIG. 5.4-2 .0955 0.5017 550. 4090. 85.4 .0127 6.65
1 12A-6 FIG. §.4-2 .0974 0.5018 550. 3590. 78.4 .01338 6.48
1 12A-7 FIG. §.4-2 .0978 0.5025 §50. 2870. $8.4 .0106 5.98
1 12A-8 FIG. 5.4-2 .0976 0.5022 550. 2710. §5.38 .0098 6.51
2 12B-1 FIG. §.4-1 .0963 1.0047 70. 6600. 68.2 .0140 §.19
2 12B-2 FIG. §5.4-1 .0956 1.0045 70. 6760. 70.4 .0136 5.68
2 12B-38 FIG. §.4-1 .095§ 1.0040 70. 7760. 80.9 .0152 5.69
2 12B=-5 FIG. 5.4-1 .0958 1.0069 70. T7480. 77.5 .0157 5.90
2 12B-4 FIG. §.4-2 .0973 0.5022 550. 2920. $9.7 NO DATA 5.84
2 12B-7 FIG. 5.4-2 .0960 0.5014 §50. 2810. §8.4 NO DATA 6.10
2 12B-8 FIG. §.4-2 .0961 0.5000 §50. 2960. 61.6 .0110 6.12
3 13B~-1 FIG. 5.4-1 .0958 1.0048 70. 6800. 70.6 .0114 6.84
3 13B-2 FIG. §.4-1 .0936 1.0024 70. 7040. 75.1 .0144 5.56
3 13B-3 FIG. §5.4-1 .0967 1.0058 70. 8120. 83.5 .0176 §.57
3 13B-4 FIG. §.4-2 .0958 0.5008 70. 3870. 80.6 .0153 6.82
3 13B=-5 FIG. 5.4-2 .0954 0.50238 §50. 2770. §7.8 .010% 5.70
3 13B=-6 FIG. §.4-2 .0956 0.4990 §50. 2730. §7.2 L0113 6.48
3 13B-7 FIG. 5.4-2 .0962 0.4976 §50. 2990. 62.4 .0118% §5.96
3 13B-8 FIG. 5.4-2 .0947 0.5008 550. 3280. 69.2 NO DATA 6.55
3 13B-9 FIG. §5.4-2 .0950 0.5006 550. 2770. 58.3 .0104 5.86
3 13B-10 FIG. §.4-2 .0973 0.5009 §50. 3260. 66.9 .0116 7.18
3 13B-11 FIG. §.4-2 .0952 0.5014 §50. 3230. 67.7 L0117 6.05
3 13B-12 FIG. §.4-2 .0958 0.5005 §50. 3850. 80.4 .0146 6.71

NOTE: FIBER VOLUME 51.4 %



174

TABLE 5.4-2. CELION 6000/PMR~15 DESIGN ALLOWABLES SANDWICH BEAM COMPRESSION TESTS [0/+-45/901S LAYUP

ta) SI UNITS
COND. TEST FAILURE FAILURE COMPRESS | ON
CODE SPECIMEN WIDTH THICKNESS SPAN TEMPERATURE LOAD STRESS MODULUS
MM MM MM K N MPA GPA
2 1-5=-2-1 23.8 e §59. 294, 1524. 464. 63.1
2 1-5-2-3 23.8 1. $59. 294, 2217. §23. NO DATA
2 1-§-2-4 23.8 il o 559. 294, _ 1933. 455. NO DATA
2 1-12-2~1 23.8 il §589. 294, 1773. 416. 60.7
2 1-12-2-3 28.7 1 559. 2904, 1710. 404. NO DATA
2 1-12-2-4 23.6 il - 5589. 294, 1897. 450. NO DATA
2 1-§-2-2 23.7 i) 584. 561. 1848. 461. 59.8
2 1-5-2-§ 23.9 U 584. 561. 1555, 385. NO DATA
2 1-5-2-6 23.0 1. 584. 561. 1786. 459. NO DATA
2 1-12-2-2 23.7 e 584, 561. 1585, 387. 60.0
2 1-12-2-5§ 28.7 il §59. 561. 1461. 346. NO DATA
2 1-12-2-6% 23.8 il §59. §61. 1759. 318, NO DATA
% FAILED OUTSIDE OF TEST SECTION
(b) U.S. CUSTOMARY UNITS
COND. TEST FAILURE FAILURE COMPRESS ION
CODE SPECIMEN WIDTH THICKNESS SPAN TEMPERATURE LOAD STRESS MODULUS
IN IN IN F LBS KS| MS|
2 1=5-2-1 .936 .04 22. 70. 342.5 67.3 9.15
2 1-5-2-3 .936 .04 22. 70. 498.5 75.8 NO DATA
2 1-5-2-4 .937 .04 22. 70. 434.5 66.0 NO DATA
2 1-12-2-1 .936 .04 22. 70. 398.5 60.3 8.80
2 1-12-2-38 .935 .04 225 70. 384.5 58.6 NO DATA
2 1-12-2-4 .930 .04 22. 70. 426.5 65.3 NO DATA
2 1-§-2-2 .935 .04 23. §50. 415.5 66.8 8.67
2 1-5-2-5 .942 .04 23. §50. 349.5 §5.8 NO DATA
2 1=§=2-6 .906 .04 23. 550. 401.5 66.6 NO DATA
2 1-12-2-2 .934 .04 23. 550. 349.5 56.2 8.70
2 1-12-2-5 .932 .04 22" §50. 328.5 50.2 NO DATA
2 1-12-2-6% .936 .04 22 §50. 395.5 46.1 NO DATA -
% FAILED OUTSIDE OF TEST SECTION
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5.5 Flatwise (Out-of-Plane Tension Tests)

This section presents test procedures and test results for flatwise (out-
of-plane) tension tests of a (0/1_45/90)25 laminate and of a (0/i45/90)25
laminate bonded to a honeycomb core.

5.5.1 Test Procedures

Flatwise tension tests of a laminate (test 7 of Matrix 1) were conducted in
accordance with ASTM D2095. Flatwise tension tests of a laminate bonded to
honeycomb core (test 8 of Matrix 1) were conducted in accordance with ASTM
C297. Typical test set ups are shown in Figure 5.5-1 and 5.5.2 respec-
tively. After conditioning, specimens were installed in a Baldwin Univer-
sal test machine. Load was applied at a cross head speed of 2.1 x 10'5

m/sec (.05 in/min) until failure.

5.5.2 Test Results

Test results are summarized in Tables 5.5-1 and 5.5-2. Typical failed
specimens are shown in Figures 5.5-3 and 5.5-4.

Test results are plotted as a function of temperature and conditioning in
Figures 5.5-5 through 5.5-10.

Data for Taminate-to-laminate tests indicate a drop in strength at ele-
vated temperature. This is as expected since transverse tension is con-
trolled by the matrix strength. There also seems to be a reduction in
strength due to aging except at elevated temperature where aged specimens
are not significantly different than cured/post cured specimens (see
Figure 5.5-7).

Test results for the laminate to core tests at 116K (-250°F) are not
conclusive because of premature failures. These failures were probably
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caused by Targe thermal stresses due to the aluminum load blocks. The
elevated temperature laminate-to-core tests had steel load blocks. Seven
of the eight specimens at elevated temperatures had adhesive failures at
the Taminate to load block interface and are also not conclusive test
results. Room temperature test results (Fig. 5.5-9) show a drop in
strength due to aging.

A comparison of room temperature test results for the lTaminate only tests
and the laminate-to-core tests is shown in Figure 5.5-11. As can be seen
there is a large difference in failure stress although all specimens had

the same failure mode. This is attributed to the difference in specimen

geometry and points out the need for standardization of test procedures.

In addition, application of test results to design practice must account

for any differences in loading condition.
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TABLE 5.5-1. CELION 3000/PMR-15 DESIGN ALLOWABLES FLATWISE LAMINATE TO LAMINATE TENSION TESTS
[0/+-45/90125 LAYUP

(a) SI UNITS
COND . TEST FAILURE FAILURE
CODE SPECIMEN AREA TEMPERATURE LOAD STRESS FAILURE MODE
$Q MM K N MPA

1 1-7=1=17 788.4 116 21885, 27.76 INTERLAMINAR
1 1-7-1-18 767.7 116. 10275. 13.38 ADHESIVE
1 1-7=-1-19 786.5 116. 16636. 21.15% INTERLAMINAR
1 1-7-1-14 785.2 294, 20862. 26.587 INTERLAMINAR
1 1=7=1=1§ 787.1 294, 20996. 26.68 INTERLAMINAR
1 1-7-1-16 789.7 294, 20551. 26.02 INTERLAMINAR
1 1-7=1=-11 788.4 561. 6966 . 8.84 INTERLAMINAR
1 1-7-1-12 787.7 561. 8176. 10.35 INTERLAMINAR
1 1-7-1-13 787.7 561. 5783, 7.34 COHESIVE
2 1-7-2-7 787.7 I6E 8212, 4.07 BAD BOND
2 1-7-2-8 785.2 116. 11743. 14,91 INTERLAMINAR
2 1-7=-2-9 786.5 116. 11165. 14.17 INTERLAMINAR
2 1-7-2-1 785.2 294, 8674. 11.03 INTERLAMINAR
2 1-7-2-2 786.5 294, 12544. 15.95 INTERLAMINAR
2 1-7-2-3 785.2 294, 10209. 12.98 INTERLAMINAR
2 1-7=-2-4 787.7 561. 8674. 11.01 70% INTERLAMINAR 30% COHESIVE
2 1-7-2-5 787.7 561. 10458 . 13.27 INTERLAMINAR
2 1-7=2-6 786.5 561, 4448, 5.65 BAD BOND

NOTE: FIBER VOLUME = §1.

'S
2
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TABLE 5.5-1. CONCLUDED
(b) U.S. CUSTOMARY UNITS

COND . TEST FAILURE FAILURE
CODE SPEC IMEN AREA TEMPERATURE LOAD STRESS FAILURE MODE
SQ IN F LBS KSI

1 1=-7-1-17 1.222 -250. 4920. 4.026 INTERLAMINAR
1 1-7-1-18 1.190 -250. 2310. 1.941 ADHES I VE
1 1=7T=1=19 1.219 =250. 3740. 3.067 INTERLAMINAR
1 1=7=-1-14 1.217 70. 4690. 3.854 INTERLAMINAR
1 1=7=1=1% 1.220 70. 4720. 3.869 INTERLAMINAR
1 1=-7-1-16 1.224 70. 4620. 3.775 INTERLAMINAR
1 1=7T=1=11 U ot 550. 1566. 1.282 INTERLAMINAR
1 1=7-1=-12 1.221 $50, 1838. 1.501 INTERLAMINAR
1 1=7-1=-13 1221 550. 1300. 1.064 COHESIVE
2 1-7-2-7 1.221 -250. 22 0.591 BAD BOND
2 1-7-2-8 1.217 -250. 2640. 2.162 INTERLAMINAR
2 1=-7-2-9 1.219 -250. 2510. 2.055 INTERLAMINAR
2 1-7=-2-1 =207 70. 1950. 1.600 INTERLAMINAR
2 1=7=2-2 1.219 708 2820. 2.313 INTERLAMINAR
2 1-7-2-3 127 70. 2295. 1.882 INTERLAMINAR
2 1-7-2-4 1.221 550. 1950. 1.597 70% INTERLAMINAR 30% COHESIVE
2 1-7=-2-§ 1.221 550. 2350. 1.924 INTERLAMINAR
2 1-7=-2-6 1.219 550. 1000. 0.819 BAD BOND

NOTE: FIBER VOLUME = §1.4 %
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TABLE 5.5-2. CELION 3000/PMR-15 DESIGN ALLOWABLES FLATWISE LAMINATE TO CORE TENSION TESTS
[0/+-45/90128 LAYUP WITH HONEYCOMB CORE

(a) S1 UNITS
COND. TEST FAILURE FAILURE
CODE SPECIMEN TEMPERATURE LOAD STRESS FAILURE MODE
K N KPA

1 1-8-1-4 116. * * INTERLAMINAR
1 1-8-1-5 116. 6405. 2482, ADHESIVE
1 1-8-1-6 116. 2802. 1089. ADHES I VE
1 1-8-1-1 294, 17014. 6591, INTERLAMINAR
1 1=8=1-2 294, 17548. 6798. INTERLAMINAR + 25% CORE
1 1-8-1-3 294, 13678. §302. INTERLAMINAR
1 1-8=-1-7 §61. 7896. 3137. ADHESIVE
1 1-8-1-8 561. 6383. 2537. ADHES IVE
1 1-8=1-9 561. 4470. 1731. ADHES I VE
1 1-8=-1-10 561, 6561. 2544. ADHES IVE
2 1-8-2-4 116 # * INTERLAMINAR
2 1-8-2-5 116. * * INTERLAMINAR
2 1-8-2-6 116. * * INTERLAMINAR
2 1-8-2-1 294, 13122. §109. INTERLAMINAR
2 1-8-2-2 294, 13233. $130. INTERLAMINAR + 25% CORE
2 1-8-2-3 294, 12677. 4916. INTERLAMINAR + 25% CORE
2 1-8-2-7 561, 10854, 4226. CORE
2 1-8-2-8 §61. 9942. 3854. ADHES I VE
2 1-8-2-9 §$61. 10075 . 3923, ADHESIVE
2 1-8-2-10 561. 9630. 3806. ADHESIVE

% SPECIMEN BROKE DUE TO THERMAL STRESS

NOTES: ALL SPECIMEN CROSS SECTIONS MEASURE 50.8 MM BY 50.8 MM
ADHESIVE = ADHESIVE TO LAMINATE AT LOAD BLOCK
INTERLAMIANAR = INTERLAMINAR TENSION
CORE = CORE TO LAMINATE BOND FAILURE

FIBER VOLUME = 51.4 %
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TABLE 5.5-2. CONCLUDED
(b) U.S. CUSTOMARY UNITS

COND. TEST FAILURE FAILURE
CODE SPECIMEN TEMPERATURE LOAD STRESS FAILURE MODE
7 LBS PSI

1 1-8-1-4 =250. * #* INTERLAMINAR
1 1-8=-1=5 =250. 1440. 360. ADHES I VE
1 1-8-1-6 -250. 630. 158. ADHES I VE
1 1=-8=1=1 70. 3825. 956. INTERLAMINAR
1 1-8-1-2 70. 3945, 986. INTERLAMINAR + 25% CORE
1 1=8=1=9 70. 3075. 769. INTERLAMINAR
1 1-8=1=-7 §50. 1778. 455, ADHES I VE
1 1-8-1-8 $50. 1435. 368. ADHES I VE
1 1=8=1~9 $50. 1005 . 251. ADHES I VE
1 1-8-1-10 550. 1475, 369. ADHES | VE
2 1-8-2-4 -250. * * INTERLAMINAR
2 1=-8=2=5 =250. * * INTERLAMINAR
2 1-8-2-6 -250. * * INTERLAMINAR
2 1-8=-2-1 70. 2950. 741, INTERLAMINAR
2 1-8-2-2 70. 2975. 744, INTERLAMINAR + 25% CORE
2 1-8-2-3 70. 2850. 718. INTERLAMINAR + 25% CORE
2 1=8=2-17 §50. 2440. 613. CORE
2 1-8-2-8 - 550. 2235. 559. ADHESIVE
2 1-8-2-9 §50. 2265. 569. ADHESIVE
2 1-8-2-10 550. 2165. §52. ADHESIVE

% SPECIMEN BROKE DUE TO THERMAL STRESS

NOTES: ALL SPECIMEN CROSS SECTIONS MEASURE 2 IN BY 2 IN
ADHESIVE = ADHESIVE TO LAMINATE AT LOAD BLOCK
INTERLAMIANAR = INTERLAMINAR TENSION
CORE = CORE TO LAMINATE BOND FAILURE

FIBER VOLUME = 51.4 %
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5.6 Rail Shear Tests

This section presents test procedures and test results for rail shear tests
of a (#45)55 laminate. Test results also include shear modulus calcula-
tions based on the tension tests of (O/i45/90)45 and (1—_45)8S laminates
presented in Section 5.3.

5.6.1 Test Procedures

Rail shear tests (test 13 of Matrix 1) were conducted using procedures in
Reference 1. Bonded and tapered titanium rails, provided by NASA LaRC,
were used for load introduction. A typical test set up is shown in Figure
5.6-1. After conditioning, specimens were installed in a Baldwin Univer-
sal test machine. Strain gages were connected to an x-y plotter. Load was
applied at a cross head speed of 2.1 x 10'5 m/sec (.05 in/min) until
failure.

5.6.2 Test Results

Test results are summarized in Table 5.6-1. Typical failed specimens are
shown in Figure 5.6-2.

Test results are plotted as a function of temperature and conditioning in
Figures 5.6-3 through 5.6-6. A1l data have been plotted; however, as noted
in Table 5.6-1, several of the specimens had failures in the grip area.
Failure stresses shown in Table 5.6-1 are probably lower than actual ulti-
mates for those specimens that failed in the grip area; however, modulus
data should be valid since they are based on initial slopes of the stress-
strain curves. Laminate shear modulus data compare very well with values
predicted using uniaxial material properties from the other design allow-
able tests. Predicted GXY values were 36.7 GPa (5.33 x 106 psi) and 36.4
GPa (5.28 x 106 psi) at room temperature and 561K (550°F) respectively as
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compared to average measured values of 40.5 GPa (5.88 x 106 psi) and 33.3
GPa (4.83 x 10° psi) respectively for aged specimens.

In addition the in-plane lamina shear modulus in the principal fiber direc-
tion, 612’ was obtained from strain gage data from the tension tests of the
i458$ laminate discussed in Section 5.3. In-plane shear modulus, Gxy, of a
(0/+45/90)¢ laminate was calculated from the tension tests of the
(0/:45/90)4S laminates. Calculations were made using the procedure of
Rosen and Petit in Ref. (2). Values for the shear modulus are given in
Table 5.6-2. There was no significant change due to temperature in Gxy for
the (0/1_45/90)4S laminate. Elevated temperature produced a 38% drop in the
single lamina in-plane shear modulus, 612.



Figure 5.6-1: Celion 3000/PMR-15 Design Allowables In-Plane Shear Test Setup
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3000/PMR-15 DESIGN ALLOWABLES IN-PLANE SHEAR TESTS [+-4513S LAYUP
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§61. 17326. 323. 30.5
561. 15769. 291, 44.0
294, 21396. 356. 41.0
294, 20195. 360. 40.1
§61. 12322, 222. 32.5
561. 13789. 257. 34.2

(b) U.S. CUSTOMARY UNITS

STRAIN
GAGE DATA
TEST FAILURE FAILURE SHEAR
TEMP . LOAD STRESS MODULUS
F LBS KS1 MS|
70. 1750. 20.1 NO.DATA
70. 5310. 64.8 5.96
70. 4720. §56.2 5.561
§50. 4365. 54.3 6.84
550. 3895. 46.9 4.43
§50. 3545, 42.2 6.38
70. 4810. $1.7 5.94
70. 4540, 52.2 5.81
§50. 2770. 32.2 4.71
§50. 3100. 37.3 4.96

FAILURE MODE

BOND
SHEAR AND INTERLAMINAR IN GRIP AREA
SHEAR AND INTERLAMINAR IN GRIP AREA

SHEAR
SHEAR
SHEAR

INTERLAMINAR IN GRIP AREA
INTERLAMINAR IN GRIP AREA

BOND
BOND

FAILURE MODE

BOND
SHEAR AND INTERLAMINAR IN
SHEAR AND INTERLAMINAR IN

SHEAR
SHEAR
SHEAR

INTERLAMINAR IN GRI
INTERLAMINAR IN GRI

BOND
BOND

RIP AREA
RIP

G
G AREA

P AREA
P AREA
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Matrix 1 Test 13

Figure 5.6-2: Celion 3000/PMR-15 In-Plane Shear Tests [195]35 Layup - Failed Specimens
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Table 5.6-2: In-Plane Shear Modulus Data Calculated From Tensile Tests
Celion 3000/PMR-15
CONDITION |TEMPERATURE | CByxy G12
LAMINATE LAYUP CODE K 0F GPa ]06 psi GPa 106 psi

2 294 ( 70) 4.41 (.64)
3 294 ( 70) I 4.07 (.59)

+45

-85 - 294 ( 70) Pe——— 4,34 (.63)
2 561 (550) - 2.76 (.40)

(0/+45/90) ¢ 3 294 (1 70) | 17.4 (2.53) —

- 3 561 (550) | 17.7 (2.57)

NOTE: Fiber Volume = 51,4%
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5.7 Coefficient of Thermal Expansion (CTE) Test

This section presents test procedures and test results for CTE tests of
(0/445/90) 45, (0/+45/90),5 and (+45)gc laminates and of A7F adhesive.

5.7.1 Test Procedures

Coefficient of thermal expansion (CTE) measurements were made using a
Thermo- Physic Corp. Model TE-3000A dilatometer. The thermal expansion
sample is placed in a quartz tube with a movable quartz rod. A thermo-
couple is connected to the sample and the expansion as a function of
temperature change is determined.

5.7.2 Test Results

Test results are summarized in Tables 5.7-1 and 5.7-2 respectively.

Because of laminate symmetry, expansion in the y-direction is equal to that
in the x-direction. Laminate data have been corrected for the CTE of fused

quartz.

Test results for the laminate are in the range expected and do not indicate

any significant change due to the various environmental conditions eval-

uated. Data for the adhesive, however, show a significant reduction in CTE

due to aging.
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Table 5.7-1: CTE DATA: CELION 3000/PMR-15

CTE, m/m-Kx10~° .
pecimen No.| Laminate |CondiTion™ | axis 16K to RTIRT to 589K J116K to 589K
(-250F) (6000F ) (-2500F) (600°F)

2W4582-1501(0/+45/90) 5 2 X (f.%g) (%'2?) (i.gg)
2W4582-1503 |(0/+45/90) 5 2 X (f’%; (i.gg) (g.gg)
2W4582-15C2 |(0/+45/90) 1 X (f.%g) (f.gg) (g.gg)
2W4582-108 1(145)85 2 /A (52.9)

29.4
2WA582-7C  |(0/+45/90) ¢ 3 4 (48.1)

26.7
2W4582-138 |(+45/90/0) ¢ 3 z (37.7)

20.9
2W4582-14B |(0/+45/90) 2 z (48.5)

26.9
2W4582-14  |(0/+45/90) 1 z (54.7)

30.4
2W4582-10 (+45) g 1 z (gg.%)

* 1 = as cured/postcured, 2 = aged 125 hrs @589K (600°F), 3 = 125 thermal cycles

Table 5.7-2 CTE DATA: A7F Adhesive (LARC 13 Amide-Imide Modified)

CTE
Conditioning AverageKTemgigature mn/mm-K x 1070
( (in/in- °Fx1078)
Cured/Post Cured 279 (43) 26.6 (14.8)
385 (234) 30.3 (16.8)
483 (410) 35.4 (19.7)
Aged 363 (194) 17.5 (9.7)
471 (388) 20.8 (11.6)
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5.8 Data Summary

This section presents summaries of all the test results, except CTE data,
for Celion 3000/PMR-15. Data shown are test type, laminate lay-up, temper-
ature, conditioning code, number of specimens, average test results and
coefficient of variation. Tension, compression and rail shear tests are
summarized in Tables 5.8-1 through 5.8-3. Flatwise (out-of-plane) tension
tests are summarized in Tables 5.8-4.

Test data show very consistent results in that coefficients of variations
are generally very small and within ranges normally experienced in com-
posite testing. The few exceptions are due to small sample size or
explainable test anomalies. Average test results shown can be used for
preliminary design and sizing of graphite/polyimide composite structure.
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Table 5.8-1:

Summary of Tension Tests-Celion 3QQQ/PMR-15, Fiber Volume = 51.4%

m'
TEST COND | TEMPERATURE| oF | AVERAGE STREss | FAILURE | EXTENSOMETER | STRAIN GAGE  pgyssong
LAYUP b STRAIN DULUS MODUL US RATIO
TYPE . CODE | K FISPEC{ mpa ksi [> GPa  Msi GPa  Msi
1 [ 294 70 [ 3 [1278 185.3 ,029(.0106 .065|122.9 17.82 .049
1 | 561 550 | 3 |1302 188.8 ,047/.0109 .093|125.5 18.20 .057
2 | 294 70 | 3 |1287 186.6 .072.0098 .054]|129.5 18.79 .074
TENSION|  (0)36 | .2 | 561 550 | 2 | 1129 163.7 .029|.0085 .116/133.1 19.30 .021
3 1294 70 | 5 1238 179.5 .036/.0097 .054[126.5 18.35 .045 | 129.6* 18.80 | .3272*
3 | 561 550 | 5 [1188 172.3 .039/.0097 .053|125.9 18.25 ,048 | 150,7* 21.85 | .4013*
1 [ 294 70 | 3 [47.02 6.820 .022|.0060 .252| 8.18 1.19 ,049 '
1 | 561 550 | 3 |19.99 2.900 .130{.n036 .200| 5.72 .83 042
2 | 294 70 | 3 |45.37 6.580 .094].0057 .113| 8.37 1.21 .024
2 | 561 550 | 3 |17.88 2.593 .093.0034 .147| 5.61 .81 .11l
TENSION|  (90) 4
3| 294 70 | 5 |41.59 6.032 ,094|.0055 .105| 7.80 1.13 .035 | 8.62* 1.25 |.0320*
3 | 561 550 | 5 | 15.24 2.210 ,047/,0034 ,278|" 5.41 .78 149 | 6.21* .90 |.0176*
4 [ 294 70 | 3 [42.8 6.217 .064].0053 .078| 7.331.06 ,005
4 | 561 550 | 3 | 7.6510.109 ,076/.0026 - | 2.73 .40 .124
1| 294 70 | 3 [508.6 73.77 .293.0108 .059] 49.1 7.13 ,041
1 | 561 550 | 3 [481.7 69.87 .068.0112 .006| 44.4 6.45 .010
2 | 294 70 | 3 [477.3 69.23 ,022[.0097 .015| 50.1 7.27 .021
TENSION|(0/+45/90), | 2 | 561 550 | 3 452.1 65.57 ,029.0101 .054| 45.8 6.64 .095
3| 294 70 | 5 [400.6 58.10 .041/.0098 .062| 45.2 6.55 ,045 | 46.4* 6.74 | .3280*
3 | 561 550 | 5 {375.9 54.52 ,058.0090 .111| 45.7 6.63 ,103 | 47.7* 6.92 |.3477*
4 | 561 550 | 5 [370.4 (53.72 .046|.0094 .047| 39.4 5.72 .010 |
1 294 70 | 3 (202 29.4 ,024Po Data | 14.5 2.11 .03
1| 561 550 | 2 [106 15.4 .064[.0430 - | 8.0'1.16 .202
2 | 294 70 | 4 [206 29.8 .043No Data 14,5 2.10 .022 | 16.5%* 2.40 [ .8690**
TENSION|  (445) 2 | 561 550 | 4 [100 14.6 .103Mo Data 9.3 1.35 .094 | 10.1** 1.46 | .8139%*
-’85 | 3| 2904 70| 5 [151 21.8 ,111{.0172 - | 13.1 1.89 ,040 | 14.6* 2.12 |.7851*
3| 561 550 | 5 {110  16.0 ,057No Data 9.3 1.35 .120
4 | 294 70| 3 227 33.0 .109]No Data 16.6 2.41 141 | 15.6* 2.26 [.7951
4 | 561 550 | 3 Tab Failure No Data 8.1 1.17 .07
* 2 Specimens [=> Coefficient of Variation
** 1 Specimen
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Table 5.8-2: Summary of Compression Tests-Celion 3000/PMR-15, Fiber Volume = 51.4%
NO.
Ther COND|TEMPERATURE| op | AVERAGE STRESS FAILURE EXTENSOMETER STRAIN GAGE
TYPE AT siey & STRAIN MODULUS MODULUS
SPECS MPa ksi [> [>| GPa__ Ms1 GPa__ Msi
1 | 294 70| 4 | 532 77.2 .065[.0141 ,095| 41.8 6.06 .024
1 | 561 550 | 4 | 470 68.1 .205|,0116 .144] 44.2 6.40 .046
2 | 294 70| 4 | 512 74.2 .080 |.0146 .068| 38.7 5.62 .054
COMPRESSION (90/+45/0) | 5 | 561 560 | 3 | 413 59.9 .027 |.0110 " . | 41.5 6.02 .026
3 | 294 70| 4 | 538 77.4 .074 |.0147 .175| 42.7 6.20 .118
3 [ 561 550 | 8 | 448 65.0 .121(.0117 .120| 43.5 6.30 .078
COMPRESSION 2 | 294 70| 6 | 452 65.6 .093 61.9%* 8,98
SANDWICH (0/+45/90)S* 2 561 550 | 5 407 59.1 .124 59.9** 8,68
BEAM B :
* Celion 6000/PMR-15 ** OQOnly 2 Specimens
Table 5.8-3: Summary of Rail Shear Tests - Celion 3000/PMR-15,Fiber Volume = 51.4%
NO
COND. [TEMPERATUREl ~=® | AVERAGE STRESS | STRAIN GAGE
L LAYUP [ cone | | OF MODULUS
K F | SPEC.| MPa ksi [ GPa  Msi
1 (294 70 3 | 324 47,0 504 | 39.5 5.74
RAIL (+45) 1 | 561 550 3 |33 47.8 .128 | 40.6 5.88
SHEAR =35 T2 204 70| 2 |38 52.0 .007 | 40.5 5.88
2 | 561 550 | 2 | 240 34.8 .104 | 33.3 4.8

[ cCoefficient of Variation




Table 5.8-4: Summary of Flatwise Tension Tests -CELION 3000/PMR-15,
Fiber Volume = 51.4%

TEST COND. | TEMPERATURE 3?- AVERAGE STRESS
K °F |SPEC.| MPa Kksi [>
1 | 116 -250 | 3 [20.76 3.011 .347
itﬁg?&ﬁf 1 | 204 70| 3 |26.433.833 .013
550 | 3 | 8.84 1.282 .170

LAM.  K0/+45/90) ] o0

T0 2S[ 2 | 116 -250 | 3 |11.05 1.603 .548
LAM. 2 | 294 70| 3 [13.321.932 .186
2 | 561 550 | 3 | 9.97 1.447 392
1 | 116 -250 | 2 | 1.79 .259 .551
il (0/+45/90), | 1 | 298 70 | 3 | 6.23 .904 .130
i 5 1 | 561 550 | 4 | 2.49 .31 .232

10 HONEYCOMB | 2 | 116 -250 | O * %
CORE CORE 2 | 294 70| 3 |5.05 .733 .023
2 | 561 550 | 4 | 3.95 .573 .n4s8

* Failure Due to
Thermal Stresses [> coefficient of variation
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6.0 CELION 6000/PMR-15 TESTING

This section presents the test matrix, specimen configurations, test pro-
cedures and test results for all testing of Celion 6000/PMR-15. There is
also a data summary showing averages and coefficient of variations for each
test type. The fiber volume of the Celion 6000/PMR-15 specimens was taken
to be 65.3%. This was based on the average fiber volume obtained from
failed tension specimens (3 specimens from each room temperature tension
test for a total of 9 specimens). This fiber volume differs from the 58.5%
obtained from the quality control tests (table 4.1-1), but was considered
more accurate since it was obtained from actual test specimens.

The following test procedures were common to all tests: specimen tempera-
tures were controlled using procedures described in section 6.2; all cri-
tical specimen dimensions were measured and recorded prior to test; load
versus strain or deflection were recorded using a Baldwin recorder and the
automatic data acquisition system, where applicable; specimen number,
dimensions, test temperatures and ultimate failure load were recorded on
test laboratory data sheets.

6.1 Test Matrix and Specimen Configuration

The design allowables test matrix for Celion 6000/PMR-15, Matrix 1A, is
given in Table 6.1-1. Specimen configurations are shown in Figures 6.1-1
through 6.1-4. Specimens that were strain gaged are shown in Table 6.1-2.
Strain gage locations are shown in Figures 6.1-5 through 6.1-7.

A11 the Celion 6000/PMR-15 specimens were conditioned to "baseline dry"
prior to testing by exposure in a heated vacuum chamber to a temperature of
367K + 6K (200°F + 10°F) at a reduced pressure not greater than 500 Pa
(3.8mm Hg) absolute. Vacuum was maintained using a diffusion pump. During
drying, weights were tracked on two specimens of each test configuration.
The specimens were weighed at frequent intervals and were considered dry
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Table 6.1-1: Test Matrix IA - Design Allowables Celion 6000/PMR-15

NO. OF TESTS AT TEMP
SPECIMEN* |  LAMINATE :
TEST TEST METHOD | conFrg LAY-UP (167K | 294°K | 589°K gggA%MENS
) : (-250°F) | (70°F) | (600°F) |SPEC

1 . (0] 10 10 10 30

TENSION Figure 8

— + —

g (ASTH D3039) | 6+1°1 | [0/+45/90/-45]| 10 10 10 30 .
3 [*45],¢ 10 10 10 30
4 [0] 10 10 10 30
¢ | comression ;“]’”;e. . 125 . . .

(11TRI) . [0/+45/ 0/-45]25 10 10 3
6 [+45],5 10 10 10 30

IN-PLANE Figure
7 [0/+45/90/-45 10 10 10 30

_SHEAR [>| 6.1-3 s

INTERLAMINAR | _.
Figure
8 |SHEAR 6.1-4 [0]20 5 5 5 15
(ASTM D-2344)
TOTAL 225

[ Per SESA Paper No. R79-105, May 1979
* A1l Specimens to be Conditioned "Base Line Dry"

when the measured weight loss differed from the previous weight loss by no
more then 0.1 percent after three consecutive weight measurements made at
one-week intervals. Specimens requiring strain gages had the gages
installed prior to drying.

After a dry condition was established, the specimens were packaged in
sealed bags and delivered to the test laboratories. At the test labora-
tories the specimens were stored in a vacuum oven maintained at 367°K +
10% (200°F + 10°F) until they were removed just prior to testing.

Automatic Data Recording System
Data from specimens with extensometers or strain gages were processed

using a Hewlett-Packard model 3052A automatic data acquisition system
which consists of a model 3495A scanner, 3455A digital-voltmeter, (DVM),



9825A calculator, 9885M flexible disc drive and 7245 printer/plotter (see
Fig. 6.1-8). Electrical signals from the load, strain and extensometer
sensors are scanned in channel sequence, measured on the DVM and fed into
the computer for computation in engineering units. The data is then stored
in the flexible disc memory and can later be retrieved for additional
computer functions to provide tabular listing on the printer of specimen
number, modulus, Poisson's ratio, stress at failure and strain at failure.

A set of flexible disks with all the recorded data has been delivered to
NASA, LaRC for their use in additional data reduction and analysis.

6.2 Test Temperatures

Test temperatures for the Celion 6000/PMR-15 tests were controlled as
follows:

Room temperature tests were conducted in the normal Tlaboratory environment
(nominally 294°k (70°F)). No special environmental conditioning was used.
For the elevated temperature tests, 589° (600°F), specimens were placed

in an enclosure (Figure 6.2-1) that was electrically heated using resis-
tance heating elements. A radiation shield was placed between the heating
coils and the specimen to prevent direct radiation impingement. Tempera-
tures were controlled to +6K (110°F) by placing thermocouples on the speci-
mens that were connected to a Thermac model 624A temperature controller.

For the 116% (-250°F) tests, specimens were placed in an enclosure (see
Figure 5.2-2) that was cooled by evaporating liquid nitrogen. Tempera-
tures were controiled to +6K (j}OOF) by placing thermocouples on the speci-
mens that were connected to an electro-pneumatic controller that pumped in
the liquid/gaseous nitrogen.

A11 specimens were brought to the desired temperatures and then soaked for
10 minutes prior to test.
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[> Per SESA paper No. R79-105, May 1979
NOTE:
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Strain gaged specimens are included in

total specimens in Matrix 1A, Table 3.

Table 6.1-2: Strain Gaged Specimens
NUMBER OF SPECIMENS STRAIN
TEST | 1esT METHOD | STRAIN GAGE |GAGED AT TEMPERATURE TOTAL GAGED
NUMBER LOCATION 116 K 1 204 K 1 589 K| SPECIMENS
(-250°F)| (70°F) | (600°F)
1 : 3 3 3 9
, | TENSION Figure 5 X ; .
6.1-5

- (ASTM D3039) ; : : ]

4 . 3 9
COMPRESSION Figure 3 3

5 6.1-6 3 3 3 9
(IITRI) .

6 3 3 3 9
INPLANE Figure

7| SHEAR [ 6.1-7 3 3 3 9
INTERLAMINAR | not ) ; )

8 SHEAR . 0
(ASTM D-2344) | APPTicable

TOTAL 63
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Figure 6.1-5: Celion 6000/PMR-15 Design Allowables Strain Gage Locations
Tension Specimen Tests 1 through 3
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Figure 6.1-6: Celion 6000/PMR-15 Design Allowables Strain Gage Locations
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Figure 6.1-7: Celion 6000/PMR-15 Design Allowables Strain Gage Locations
In-Plane Shear Specimen Test 7
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6.3 Tension Tests

This section presents test procedures and test results for tension tests of
(0)g, (0/+45/90/-45)¢ and (#45),¢ laminates.

6.3.1 Test Procedures

Tension tests (tests 1, 2, and 3 of Matrix 1A) were conducted in accordance
with ASTM D3039. Typical test set-ups are shown in Figures 6.3-1 and
6.3-2. Specimens were removed from the storage oven and installed in a
Baldwin Universal test machine using Zapel grips. Extensometer clips were
attached to the specimen using a 50.8 mm (2.0 inch) gage length and con-
nected with ball chains to a TSM-D extensometer. Where applicable, strain
gage output was recorded using the automatic data aquisition system.
Thermocouples were installed at the center of the specimen and 50.8 mm (2.0
inch) above and below the center to monitor temperature gradients. For
room temperature tests only, one thermocouple was used to assure that the
specimen had cooled to room temperature after removal from the storage
oven. A strain rate of 1.7 x 107% m/m-sec (.01 in/in-min) was applied and
controlled using a strain pacer connected to the test machine.

6.3.2 Test Results

Test results are summarized in Tables 6.3-1 through 6.3-3. Typical failed
specimens are shown in Figures 6.3-3 through 6.3-5.

Test results are plotted as functions of temperature in Figure 6.3-6
through 6.3-11. The data show that tension strength and modulus were not
significantly affected by temperature for the (O)8 and (0/+45/90/—45)S
layups. Tension strength and modulus of the (145)25 laminates decreased
with increasing temperature as expected since this is a matrix dominated
layup. Failure strains for the three layups were approximately 1.2% with



the exception of the elevated temperature (145)ZS layup which had a failure
strain of 8.0%.

Tangent modulus and Poisson's ratio were obtained at a strain level of
0.2%. At this strain level, incremental changes in back-to-back longi-
tudinal strain gage output of all tension specimens varied from 0% to 15%
with an average of 4%.

123



Figure 6.3-1: Tension Test Setup
Celion 6000/PMR-15 Design Allowables 294K (70°F)
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TABLE 6.3-1. CELION 6000/PMR-15 DESIGN ALLOWABLES TENSION TESTS [018 LAYUP

(a) S| UNITS
EXTENSOMETER DATA STRAIN GAGE DATA
€ = .002
TEST FAILURE FAILURE FAILURE TENSION TENSION POISSON’S
SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN  MODULUS MODULUS RATIO
MM MM - K N MPA GPA GPA

1A-1-1 1.1 25.116 116. 42881, 1538. .0114 132.

1A-1-2 1.12 25.370 116. 48263 . 17083. .0128 130.

1A-1-3 1.12 25.298 116. 42303. 1489. 0112 129.

1A-1-4 1.10 25.451 116. 42392. 1503. .0114 125.

1A=1=-5 1.10 25.892 116. 44460, 1579. .0118 142.

1A=1-6 1.138 25.342 116. 46489, 1620. .0108 143.

1A-1-7 1.12 25.453 116. 44794, 1565. .0112 134.

1A-1-8 1.07 25.474 116. 47329, 1744, .0092 148. 137. .378
1A-1-9 1.1% 25.382 116. 46907 . 1606 . .0116 134. 132. .387%x
1A-1-10 1.18 25.464 116. 44527. 1544, NO DATA 133. 134. .385
1A-1-11% 1.09 25.486 294, 44771, 1613. .0114 136.

1A-1-12 1.14 25.438 294, 43535. 1503. .0112 140.

1A-1-13 1.15 25.423 294, 41880. 1434, 0112 124.

1A-1-14 1.11 25.245 294, 38989. 1386. 0102 133.

1A-1-15 1.14 25.375 294, 40790. 1413, 0108 128.

1A-1-16 1.10 25.189 294, 43570. 1565. 0115 133.

1A-1-17 1.18 25.443 294, 43726. 1510. 0118 125.

1A-1-18 1.10 25.215 294. 34429. 1241. .0094 131. 134 .343
1A-1-19 1.11 25.270 294, 49398, 1761. 0122 134. 137 .329
1A-1-20 1.10 25.476 294, 47173. 1675. 0120 135. 136 .327
1A-1-21 1.15 25.527 5§89, 47329. 1606 . 0120 141.

1A-1-22 1.12 25.466 589, 45372. 1586. 0128 121.

1A-1-23 1.12 25.469 589. 45283. 1579. 0110 145.

1A-1-24 1.17 25.413 589. 46751. 1572. 0122 141.

1A-1-25 1.11 25.438 589. 44304. 1565. 0118 137.

1A-1~-26 1.16 25.484 589, 45683. 1544, 0112 134.

1A-1-27 1.09 25.535 589. 47129. 1689. .0136 123.

1A-1-28 1.08 25.357 589, 46195. 1682. .0134 137. 145. .305
1A-1-29 1.12 25.458 589. 45038. 1579, NO DATA 146. 141. .291
1A-1-30 1.12 25.382 589. 45906. 1620. .0134 1238. 143. .353

UNLESS NOTED STRAIN RATE = 1.7 E-04 1/SEC
STRAIN RATE = 8.3 E-04 1/SEC
1 TRANVERSE STRAIN GAGE FAULTY

NOTE: FIBER VOLUME = 65.3 %
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TABLE 6.3-1. CONCLUDED
(b) U.S. CUSTOMARY UNITS

EXTENSOMETER DATA STRAIN GAGE DATA

€ = .002
TEST FAILURE FAILURE FAILURE TENSION TENSION POISSON’S
SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN MODULUS  MODULUS RATIO
IN IN R LBS KSI MS| MS|

1A-1-1 .0437 0.9888 -250. 9640. 223. .0114 19.2

1A-1-2 .0439 0.9988 =250. 10850. 247, .0128 18.9

1A-1-3 .0441 0.9960 -250. 9510. 216. .0112 18.7

1A-1-4 .0435 1.0020 -250. 9530. 218, .0114 18.1

1A=-1-5 .0435 0.9997 -250. 9995, 229. .0118 20.6

1A-1-6 .0444 0.9977 -250. 10440. 235. .0108 20.7

1A-1-7 .0441 1.0021 -250. 10070. 227 .0112 19.4

1A-1-8 .0420 1.0029 -250. 10640. 2538. .0092 21.5 19.9 378
1A-1-9 .0452 0.9993 -250. 10545, 233. .0116 19.5 19.2 L3877 %%
1A=-1=-10 .0446 1.0025 -250. 10010. 224. NO DATA 19.3 19.5 .385
1A-1-11% .0428 1.0034 70. 10066 . 234, 0114 19.7

1A-1-12 .0447 1.0015 70. 9787. 218, 0112 20.3

1A=1=13 .0452 1.0009 70. 9415. 208. .0112 18.0

1A-1-14 .0438 0.9939 70. 8765. 201. .0102 19.3

1A-1-15 .0447 0.9990 70. 9170. 205. .0108 18.5

1A-1-16 .0435 0.9917 70. 9795. 2l .0115 19.38

1A=-1-17 .0446 1.0017 70. 9830. 219, .0118 18.2

1A-1-18 .0432 0.9927 70. 7740. 180. .0094 19.0 19.5 .343
1A-1-19 .0438 0.9949 70. 11105. 254, .0122 19.4 19.8 .329
1A-1-20 .0435 1.0030 70. 10605. 243. .0120 19.6 19.7 .327
1A=-1-21 .0453 1.0050 600. 10640. 238. .0120 20.5

1A-1-22 .0442 1.0026 600. 10200. 230. .0128 17.5

1A-1-23 .0442 1.0027 600. 10180. 229, .0110 21.0

1A-1-24 .0459 1.0005 600. 10510. 228, .0122 20.5

1A-1-25 .0437 1.0015 600. 9960. 227. .0118 19.8

1A-1-26 .0455 1.0088 600. 10270. 224. L0112 19.5

1A=-1-27 .0430 1.0053 600. 10595. 245, .0136 17.8

1A-1-28 .0425 0.9983 600. 10385. 244 .0134 19.9 21.1 .308
1A-1-29 .0441 1.0023 600. 10125, 229, NO DATA A gt 20.5 .291
1A-1-30 .0439 0.9993 600. 10320. 235, .0134 17.8 20.8 .353

UNLESS NOTED STRAIN RATE = .01 1/MIN
STRAIN RATE = .02 1/MIN
1 TRANVERSE STRAIN GAGE FAULTY

NOTE: FIBER VOLUME = 65.3 %
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TABLE 6.3-2. CELION 6000/PMR-15 DESIGN ALLOWABLES TENSION TESTS [0/+45/90/-45]S8 LAYUP

fa) S1 UNITS
EXTENSOMETER DATA STRAIN GAGE DATA
€ = .002
TEST FAILURE FAILURE FAILURE TENS ION TENSION POISSON’S
SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN MODULUS  MODULUS RATIO
MM MM N MPA GPA GPA

1A=-2-1 1.10 25.451 116. 15569. 556. .0134 45.

1A-2-2 1.12 25.316 116. 15391. §44. .0124 46.

1A-2-3 1.16 25.563 116. 15391 . 520, .0124 43.

1A-2-4 1.18 25.489 116. 15569. 531. .0120 43.

1A=-2-5 1.11 25.839 116. 14590. 518. .0116 45.

1A-2-6 1.18 25.446 116. 16280. 565. .0122 46.

1A-2-7 1.12 25.448 116. 15124. 532. .0118 42.

1A-2-8 1.09 25.433 116. 14657 . §27. .0126 44, 50.3 .330
1A-2-9 1.08 25.382 116. 14323. 538. .0106 49. §0.3 .294
1A-2-10 1.10 25.408 116. 12811, 455. .0098 46. 51.4 .326%%
1A-2-11 1.10 25.532 294, 14657 . 520. .0118 48,

1A-2-12 1.12 25.430 294, 16058 . 563. .0122 48 .

1A-2-13 1.18 25.565 294, 15969. §85. .0108 48,

1A-2-14 1.09 25.591 294, 16103. 576. .0130 50.

1A-2-15 1.15 25.560 294, 16369. 559, .0130 48,

1A-2-16 1.13 25.552 294. 16347. 565. .0130 51.

1A-2-17 1.138 25.484 294, 141283, 492. .0126 43.

1A-2-18 1.18 25.476 294, 15547 . 540. .0116 49 . 51.0 .336
1A-2-19 1.14 25.260 294. 10631. 371. .0082 §1. 49 .2 .330
1A-2-20 1.10 25.430 294, 14101, 504, .0114 48, §0.5 .353
1A-2-21 1.10 25.428 589, 14924, 584. .0118 46.

1A-2-22 1.138 25.565 589, 16413. §32. .0123 47.

1A-2-23 1.16 25.469 589, 14857 . §03. .0109 48.

1A-2-24 1.13 25.509 589, 15480, 537. .0125 45.

1A=-2-25 1.11 25.562 589. 13656 . 481. .0112 46 .

1A-2-26 1.14 26.583 589. 15636 . §37. .0129 45,

1A-2-27 1.12 25.545 $89, 16391. 536. .0118 47.

1A-2-28 1.12 25.476 5§89, 14857. 519. .0124 46. §1.0% .354
1A-2-29 1.12 25.489 589, 14101. 495, L0115 46 . 49 .4 .346
1A=-2-30 1.138 25.540 §89. 13923. 481. .0114 45, 48.7 .348

UNLESS NOTED STRAIN RATE = 1.7 E-4 1/SEC
1 LONGITUDINAL STRAIN GAGE FAULTY
1 TRANVERSE STRAIN GAGE FAULTY

NOTE: FIBER VOLUME = 65.3 %
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TABLE 6.3-2. CONCLUDED
(b) U.S. CUSTOMARY UNITS

EXTENSOMETER DATA STRAIN GAGE DATA

€ & .002
TEST FAILURE FAILURE FAILURE TENSION TENSION POISSON’S
SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN MODULUS MODULUS RATIO
IN IN F LBS KS1 MS| MS|

1A=2-1 .0433 1.0020 -250. 3500. 80.7 .0134 6.5

1A-2-2 .0440 0.9967 -250. 3460. 78.9 .0124 6.6

1A-2-3 .0456 1.0064 -250. 3460. 75.4 .0124 [Jard

1A-2-4 .0453 1.0035 -250. 3500. 77.0 .0120 6.3

1A=-2-5% . 0437 0.9976 -250. 3280. 75.2 .0116 6.5

1A-2-6 . 0446 1.0018 -250. 3660. 81.9 .0122 6.6

1A=2=-7 .0440 1.0019 -250. 3400, e .0118 6.1

1A-2-8 . 0431 1.0013 =250. 3295. 76.4 .0126 6.4 7.30 .330

1A-2-9 .0413 0.9993 -250. 3220. 78.0 .0106 7.1 7.30 .294

1A-2-10 .0432 1.0003 -250. 2880. 66.0 .0098 6.7 7.46 .326%%

1A-2-11 .0435 1.0052 70. 3295. 75.4 .0118 7.0

1A-2-12 . 0442 1.0012 70. 3610, 81.6 .0122 7.0

1A-2-138 .0443 1.0065 70. 3590. 80.5 .0108 7.0

1A-2-14 .0430 1.0075 70. 3620. 83.6 .0130 I/ 5

1A-2-15 .0451 1.0063 70. 3680. 81.1 .0130 7.0

1A-2-16 .0446 1.0060 70. 3675. 81.9 .0130 7.4

1A-2-17 . 0444 1.0033 70. 3175. 71.3 .0126 6.2

1A-2-18 .0445 1.0030 70. 3495, 78.3 .0116 ol 7.39 .336

1A=-2-19 . 0447 0.9945 70- 2390. 53.8 .0082 7.4 7.14 .330

1A-2-20 . 0433 1.0012 70. 3170. 78.1 .0114 7.0 7.38 .353

1A-2-21 .0433 1.0011 600. 3355. 77.4 .0118 6.6

1A-2-22 .0446 1.0065 600. 3465. 77.2 .01238 6.8

1A-2-23 .0456 1.0027 600. 3340. 73.0 .0109 6.9

1A-2-24 .0445 1.0043 600. 3480. 77.9 .0125 6.5

1A-2-25 .0437 1.0060 600. 3070. 69.8 0112 6.6

1A-2-26 .0448 1.0072 600. 3515. 77.9 .0129 6.5

1A-2-27 .0442 1.0057 600. 3460. 1ot .0118 6.8

1A-2-28 .0442 1.0030 600. 3340. 75.8 .0124 6.7 7.39% .854

1A-2-29 .0440 1.0035 600. 3170. 71.8 .0115 6.7 7.17 .346

1A-2-30 .0446 1.0055 600. 3130. 69.8 .0114 6.5 7.06 .348

UNLESS NOTED STRAIN RATE = .01 1/MIN
1 LONGITUDINAL STRAIN GAGE FAULTY
1 TRANVERSE STRAIN GAGE FAULTY

NOTE: FIBER VOLUME = 65.3 %
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TABLE 6.3-3. CELION 6000/PMR-15 DESIGN ALLOWABLES TENSION TESTS (+-45)2S LAYUP
(a) SI UNITS
EXTENSOMETER DATA  STRAIN GAGE DATA
€ = .002
TEST FAILURE FAILURE FAILURE TENSION TENSION POISSON’S
SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS STRAIN MODULUS MODULUS RATIO
MM MM K N MPA GPA GPA
1A=-3-1 1.15 25.471 116. 3648. 125. .0110 19.
1A-3-2 1.08 25.489 116. 3621. 131. .0160 19.
1A-3-3 1.10 25.451 116. 3621. 130. .0158 19.
1A-3-4 1.1 25.400 116. 3630. 129. .0102 il
1A-3-5 1.09 25.453 116. 3594. 130. .0146 i o
1A-3-6 1.09 25.474 116. 3594, 130. .0118 17.
1A=3-7 1.10 25.517 116. 3692. 132. .0136 215
1A-3-8 1.08 25.400 116. 3603. 132. NO DATA 22. 21.0 778
1A-3-9 1.07 24.994 116. 3648. 136. .0112 21. 22.0 .752
1A-3-10 1.07 25.019 116. 3594. 134. .0108 20. 19.2 .687
1A-3-11 1.10 25.535 294, 3470. 123. .0160 17.
1A-3-12 1.10 25.395 294, 3425. 122. .0108 17.
1A-3-13 1.07 25.207 294, 3301. 122. .0140 20.
1A-3-14 1.11 25.527 294, 3461. 122. .0120 iife
1A-3-15§ 1.1 25.349 294, 3416. 1215 .0144 17.
1A=-3-16 1.10 25.278 294, 3416. 123. .0132 17.
1A=-3=-17 1.10 25.174 294, 3443. 124. .0126 18.
1A-3-18 1.08 25.420 294, 3505. 128. .0124 19. 17.6 .850
1A-3-19 1.08 25.235 294, 3474, 27 .0118 19. 16.8 .903
1A-3-20 1.09 25.362 294, 3452, 125. .0118 i /e 17.9 .867
1A-3=-21 1.10 25.344 589. 2918. 104. .0788 14.
1A-3-22% 1.09 25.456 589. 2785. 101. .0672 10.
1A=-3-23% 1.13 25.476 589. 3132. 109. .0912 11.
1A-3-24% 1.09 25.497 589. 3203. 114, .0984 13.
1A-3-25%% 1.11 25.476 589. 3136. e .0792 11.
1A-3-26%% 1.09 25.425 589. 2971. 108. .0744 1)
1A=-3-27%% 1.10 25.400 589. 3100. 111. .0840 12.
1A-3-28%% 1.09 25.494 589. 3078. 110. .0840 1E e 8.8 .842
1A-3-29%% 1.09 25.273 §89. 3229. 1 e .0872 12- 8.5 .835
1A-3-30%% 1.10 25.443 589. 3109. 110. .0808 11. 8.0 .801
1A-3-31%% 1.11 25.255 589. 2527. 90. .0496 13.

UNLESS NOTED STRAIN RATE = 1.7 E-04 1/SEC
STRAIN RATE = 6.7 E-04 1/SEC
STRAIN RATE = 1.3 E-03 1/SEC

NOTE: FIBER VOLUME = 65.3 %
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THICKNESS
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.0458
.0427
.0433
. 0437
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.0423
.0423
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.0433
.0421
. 0437
.0436
.0432
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.0428
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. 0431
.0435
.0438

OO = b b s ch b ke ek

WIDTH TEMPERATURE
iN 7

.0028
.0035
.0020
.0000
.0021
.0029
.0046
.0000
.9840
.9850

.0053
.9998
.9924
.0050
.9980
.9952
9911
.0008
.9935
.9985

.9978
.0022
.0030
.0038
.0030
.0010
.0000
.0037
.9950
.0017
.9943

UNLESS NOTED STRAIN RATE =

STRAIN RATE

.04 1/MIN

STRAIN RATE : .08 1/MIN
NOTE: FIBER VOLUME
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TEST
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.0118

.0788
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SPECIMEN 1A-1-23
589K (600°F)

FAILURE STRESS
1.58 GPa {229 KSI)

SPECIMEN 1A-1-17
294K (70°F)

FAILURE STRESS
1.51 GPa (219 KSI)

SPECIMEN 1A-1:6
116K {-250°F)

FAILURE STRESS
1.62 GPa {235 KS1)

CELION 6000/PMR-15 DESIGN ALL
TENSION TESTS [0} g LA

Figure 6.3-3: Celion 6000/PMR-15 Design Allowables [0]8 Layup - Failed Specimens
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SPECIMEN 1A-2-27
589K (600°F)

FAILURE STRESS
536 MPa (77.8 KSI)

SPECIMEN 1A-2.17
294K (70°F)

FAILURE STRESS
492 MPa (71.3 KS1)

SPECIMEN 1A 2.5
116K (- 2509F)

FAILURE STRESS
518 MPa (75.2 KSI)

UNFAILED
SPECIMEN

Figure 6.3-4:

CELION 6000/PMR 15 DESIGN ALLOWABLES
TENSION TESTS [0/445/90/ 4518 LAYUP

Celion 6000/PMR-15 Design Allowables [o/+45/go/_45]S

Layup - Failed

Specimens
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SPECIMEN 1A-3.23
589K {600°F)

FAILURE STRESS
109 MPa (15.8 KSI}

SPECIMEN 1A 3-16
294K {70°F)

FAILURE STRESS
123 MPa (17.8 KSi}

SPECIMEN 1A35
116K {-2509F)

FAILURE STRESS
130 MPa {18.8 KSI)

CELION 6000/PMR-15 DESIGN ALLOWABLES
TENSION TESTS (445) 2g LAYUP

Figure 6.3-5: Celion 6000/PMR-15 Design Allowables Tension Tests
[145]25 Layup - Failed Specimens
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Figure 6.3-6:

Celion 6000/PMR-15 Tension Tests (0)8 Layup - Failure Stress
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Figure 6,3-7:

6000/PMR-15 Tension Tests (O/+45/9O/—45)S Layup - Failure Stress
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FRILURE STRESS
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Figure 6.3-8: Celion 6000/PMR-15 Tension Tests (i45)28 Layup

- Failure Stress
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TENSION MODULUS
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Figure 6.3-9:

Celion 6000/PMR-15 Tension Tests (O)8 Layup - Modulus
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Figure 6.3-10: Celion 6000/PMR-15 Tension Tests (O/+45/90/—45)S Layup - Modulus
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Figure 6.3-11: Celion 6000/PMR-15 Tension Tests (iﬂS)ZS Layup - Modulus



6.4 Compression Tests

This section presents test procedures and test results for compression
tests of (0)16, (O/+45/90/-45)2S and (145)4S laminates.

6.4.1 Test Procedures

Compression tests (tests 4, 5, and 6 of Matrix 1A) were performed using an
IITRI* test fixture furnished by NASA LaRC. A typical test setup is shown
in Figure 6.4-1. Specimens were removed from the storage oven and
installed in the IITRI fixture on a Baldwin universal test machine. The
short specimen test section and constraints of the fixture prevented using
extensometers; therefore, load versus strain was recorded only on strain
gaged specimens. Where applicable, strain gage output was recorded using
the automatic data aquisition system. Thermocouples were installed on the
specimen test section and on the top and bottom portions of the test
fixture to monitor temperature gradients. Only one thermocouple was used
on the room temperature specimens to assure they had cooled to room temper-
ature after removal from the storage oven. A cross nhead travel of 2.1 x
10'5 m/sec (.05 in/min) was applied and controlled using a potentiometer
connected to the test machine.

6.4.2 Test Results

Test results are summarized in Tables 6.4-1 through 6.4-3. Typical failed
specimens are shown in Figures 6.4-2 through 6.4-4,

Test results are plotted as functions of temperature in Figure 6.4-5
through 6.4-10. For all layups tested, compressive strength decreased

*IITRI: I11inois Institute of Technology Research Institute

14]
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with increasing temperature. For the (O)16 laminates this may be because
the matrix plays an important role in the stability of the fibers. For the
(0/+45/90/-45)25 and (145)45 laminates this behavior is explained by the
matrix dominated nature of these laminates and by the behavior of the (0)16
laminates.

Physical constraints prevented using an extensometer on the compression
tests, therefore, modulus data were only obtained on the strain gaged
specimens. Strain to failure is not reported because variations in
back-to-back strain gages were large at failure and many strain gages
failed before ultimate load was achieved. Because of the limited data,
results are only indicative of performance trends. In addition, there were
some anomalies in the back-to-back strain gage output. At a strain level
of .2%, incremental changes in back-to-back longitudinal strain gages var-
ied by as little as 0.7% and by as much as 59% with the average variation
being 19%. Back-to-back strain gage variation may have been caused by
specimen curvature and/or fixture misalignment. There was no correlation
between back-to-back strain gage variation and any premature specimen
failure.



Figure 6.4-1: ITTRI Compression Test Setup

143
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TABLE 6.4-1. CELION 6000/PMR-15 DESIGN ALLOWABLES COMPRESSION TESTS [0116 LAYUP

(a) SI UNITS
STRAIN GAGE DATA
€ = .002
APPARENT APPARENT
TEST FAILURE FAILURE COMPRESS ION POISSON’S
SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS MODULUS RATIO
MM MM K N MPA GPA

1A=-4-1 21ail 12.68 116. 32650. 1165.

1A-4-2 2.21 12.68 116. 39990. 1427.

1A-4-3 2.29 12.67 116. 35897. 1234.

1A-4-4 2.21 12.71 116. 39678. 1413.

1A-4-5 2.32 12.68 116. 31760. 1076.

1A-4-6 20l 12.69 116. 36742. 1276.

1A-4-7 2.19 12.68 116. 38744. 1393.

1A-4-8 2.22% 12.73 116. 33228. 1179. NO DATA NO DATA
1A-4-9 2.22% 12012 116. 34518, 1227 134 . %% 471
1A-4-10 2.22% 12.71 116. 31916. 1131 129. .280
1A-4-11 2.21 12.70 294, 33584. 1200.

1A-4-12 2.27 12.69 294, 22730. 786.

1A-4-13 2.22 12.67 204, 19661. 696 .

1A-4-14 2.22 12.69 294, 28138, 1000.

1A-4-15 2.17 12.68 294, 26778, 972.

1A-4-16 2.21 12.69 294, 27646. 986 .

1A-4-17 2.85 12.70 294, 26823. 903.

1A-4-18 2.22% Uk darir: 294, 33273. 1179. 122" .326
1A-4-19 2.22% 12.71 294, 30515, 1082. 121. .336
1A-4-20 2.22% L a7 294, 25800. 917. NO DATA NO DATA
1A-4-21 1.88 12.66 589. 16503. 692.

1A-4-22 2.19 12.66 589. 13745. 496 .

1A-4-23 2.34 12.64 589. 14902. §503.

1A-4-24 2.18 12:61 589. 14412, §23.

1A-4-25 2.24 12.67 589. 15925. §561.

1A-4-26 2.18 12.64 589. 14190. 514.

1A-4-27 2.21 12.66 589. 15346. 549.

1A-4-28 2.22% 12.73 589, 16814, 596 . NO DATA NO DATA
1A-4-29 2.22% 12.72 589. 14902. 528. 119, u% <301 %%
1A-4-30 2.22% UaTa 589. 14857. §27. NO DATA NO DATA

% ESTIMATED

#% 1 LONGITUDINAL STRAIN GAGE FAULTY
%% 1 TRANSVERSE STRAIN GAGE FAULTY

NOTE: FIBER VOLUME = 65.3 %
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SPEC IMEN
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ESTIMATED

THICKNESS
IN

.0870
.0870
.0901
.0870
.0915
.0894
.0863
.0873%
.0873%
.0873%

.0870
.0895
.0873
.0874
.0855
.0871
.0924
.0873%
.0873%
.0873%

.0742
.0861
.0923
.0857
.0882
.0860
.0870
.0873%
.0873%
.0873%

WIDTH
IN

.4994
.4992
.4990
.5002
.4992
.4995
.4993
.5011
.5007
. 5005

.4999
.4998
.4990
.4998
.4993
.4995
.5000
.5008
.500%
.5003

.4984
.4983
.4977
.4987
.4987
.4978§
.4984
.5013
.5007
.5002

TABLE 6.4-1.
(b) U.S. CUSTOMARY UNITS

TEST
TEMPERATURE
F

-250.
-250.
=250.
-250.
-250.
-250.
=250.
-250.
=250.
=250.

1 LONGITUDINAL STRAIN GAGE FAULTY

1 TRANSVERSE STRAIN GAGE FAULTY

NOTE: FIBER VOLUME

65.3 %

CONCLUDED

FAILURE
LOAD
LBS

7340.
8990.
8070.
8920.
7140.
8260.
8710.
T470.
7760.
TGS

7550,
§110,
4420,
6325.
6020,
6215.
6030.
7480.
6860.
5800.

3710.
3090.
3350. .
3240.
3580,
3190,
3450.
3780.
3350.
3340.

FAILURE

STRESS

KSI

169.
207.
179.
205.
156.
185.
202.
171.
178.
164.

— s s kb bl b -
DN PO =
s

-3
R X X R
NP PPEROO® OO000000000 0000000000

STRAIN GAGE

€ =

APPARENT
COMPRESS ION
MODULUS
MS |

NO DATA
19.5%%
18.7

QO = -
~N~
>~

NO DATA
17 . 3%x
NO DATA

DATA

APPARENT
POISSON’S

RATIO

NO DATA
471
.280

.326
.336
NO DATA

NO DATA
301 %%
NO DATA
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TABLE 6.4-2. CELION 6000/PMR-15 DESIGN ALLOWABLES COMPRESSION TESTS [0/+45/90/-4512S LAYUP

(a) SI UNITS
STRAIN GAGE DATA
€ = .002
APPARENT APPARENT
TEST FAILURE FAILURE COMPRESSION POISSON’S
SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS MODULUS RATIO
MM MM K N MPA GPA
1A=-5-1 2.11 12.67 116. 17570, 657.
1A-5-2 2.11 12.65 116. 17482. 654.
1A-5-3 2.1 12.62 116. 13434, §05.
1A-5-4 2.27 12.70 116. 16058 . $56.
1A=-5-5§ 2.2% 12.68 116. 17126. 601.
1A-5-6 2.27 12.70 116. 15168. §27.
1A-5-7 2.25 12.69 116. 13878, 486.
1A-5-8 2.21% 12.69 116. 19305. 688. §57.2 .376
1A-5-9 2.21% 1252 116. 22819. 812. 63.2 .395
1A-5-10 2.21% 12.738 116. 18393. 654. 61.3 .292
1A-5-11 2.23 12.66 294, 15524, §50.
1A-5-12 2.26 12.69 294, 15858, §53.
1A-5-13 2.25 12.68 294, 15747, §582.
1A-5-14 2.24 2% 294, 16837. 591.
1A=-5=-18§ Zrait 12.66 294, 14813, 530.
1A-5-16 2.19 12.71 294, 16280. §85.
1A-5-17 2.28 12.67 294, 16369. $66.
1A-5-18 2.21% 12071 294, 13789, 491, 40.5 .309
1A-5-19 2.21% 12.75 294, 14190. 504. 40.9 .321
1A-5-20 2.21% 12571 294, 14768, 525. 44 .1 .328
1A-5-21 2.25 12.67 589, 11521, 403.
1A-5-22 2.27 12.69 589, 11343, 394.
1A-5-23 2.20 12.70 589, 9564 . 342.
1A-5-24 2.16 12.70 589. 10542. 384.
1A-5-25 2.25 12.70 589. 11610. 405.
1A-5-26 2.20 12.70 589. 10231. 366.
1A-5=-31 2.25 12.72 589. 10542, 369.
1A-5-28 2.21% 12.72 589. 10587. 376. 48.5 .366
1A-5-29 2.21% 12.72 589. 10676 . 380. NO DATA NO DATA
1A-5-30 2.21% 272 589, 10676 . 380. §2.8 .396

% ESTIMATED
NOTE: FIBER VOLUME = 65.3 %
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TABLE 6.4-2. CONCLUDED
(b) U.S. CUSTOMARY UNITS

STRAIN GAGE DATA

€ = .002
APPARENT APPARENT
TEST FAILURE FA|LURE COMPRESS ION POISSON’S
SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS MODULUS RATIO
IN IN F LBS KS| MSI

1A-5-1 .0831 .4990 -250. 3950. 95.3

1A-5-2 .0832 .4980 -250. 3930. 94.9

1A=5=8 .0830 .4968 =-250. 3020. 73.2

1A-5-4 .089% .4999 -250. 3610. 80.7

1A-5-5 .0885 .4993 -250. 3850. 87.1

1A-5-6 .0893 .5000 =250. 3410. 76.4

1A-5-7 .0885 .49938 -250. 3120. 70.5

1A-5-8 .0870% .4996 -250. 4340. 99.8 8.29 .376
1A-5-9 .0B70% .5006 -250. §180. 117.8 9.17 .395
1A-5-10 .0870% .5011 -250. 4135. 94.8 8.89 .292
1A=5=11 .0877 .4986 70. 3490. 79.8

1A-5-12 .0890 . 4997 70. 3565. 80.2

1A-5-13 .0885 .4994 70. 3540, 80.1

1A-5-14 .0883 . 5004 70. 3785. 85.7

1A~5-15 .0870 .4984 70. 3330. 76.8

1A-5-16 .0862 .5004 70. 3660. 84.9

1A=-5-17 .0898 .4989 70. 3680. 82.1

1A-5-18 .0870% . 5004 70. 3100. 71.2 §.88 .309
1A-5-19 .0870% .9019 70. 3190, 73.1 §5.93 321
1A=5-20 .0870% .5005 70. 3320. 76.2 6.39 .328
1A-5-21 .0887 .4990 600. 2590, §8.5

1A=5=22 .0893 .4996 600. 2550. §7.2

1A-5-23 .0867 .4999 600. 2150. 49.6

1A-5-24 .0851 .5000 600. 2370. §8.7

1A-5-25 .0886 .5000 600. 2610. §8.7

1A-5-26 .0867 .5000 600. 2300, $3.1

1A-5-31 .0885 .5006 600. 2370. 53.5

1A-5-28 .0870% .5006 600. 2380. 54.6 7.04 .366
1A-5-29 .0870% . 5006 600. 2400, §5.1 NO DATA NO DATA
1A-5-30 .0870% .5008 600. 2400. §5.1 7.66 .396
ESTIMATED

NOTE: FIBER VOLUME = 65.3 %
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TABLE 6.4-3. CELION 6000/PMR-15 DESIGN ALLOWABLES COMPRESSION TESTS [+-4514S LAYUP

ta) S1 UNITS
STRAIN GAGE DATA
€ = .002
APPARENT APPARENT
TEST FAILURE FAILURE COMPRESS ION POISSON’S
SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS MODULUS RATIO
MM MM K N MPA GPA

1A-6-1 2.12 12.738 116. 5124, 190.

1A-6-2 2.08 12.66 116. §231. 199,

1A-6-3 2.16 12.69 116. 5587, 204.

1A-6-4 2.23 12.69 116. 5694. 201.

1A-6-5 2.28 12.70 116. 5338, 185.

1A-6-6 2.19 12.70 116. §276. 190.

1A-6-7 2.14 12.74 116. 5596. 205.

1A-6-8 2.15% 12.73 116. 7882. 288, 30.0 .659
1A-6-9 2.15% 12.73 116. 7713. 282, 17 . Tax .684%ux
1A-6-10 2.15% 12.71 116. 10102, 370. 25.1 .650
1A-6-11 2.12 12.72 294, 4782, 177.

1A-6-12 2.26 12.72 294, 4448, 154.

1A-6-13 2.18 e 294, 4350. 157.

1A-6-14 2.21 12.66 294, 4613. 165.

1A-6-15 1.96 12031 294, 4951, 199.

1A-6-16 2.19 12.71 294, 4359, 1587.

1A-6-17 2.24 1272 294, 4680, 164.

1A-6-18 2.15% 12.738 294, 4564 . 167. 9.3 .476
1A-6-19 2.15% 12.72 294, 4466 . 163. 12.5%% 712
1A-6-20 2.15% 12.71 294, 4964 . 182, 15.2 174
1A=-6-21 2.09 12.69 589, 3114, 117.

1A-6-22 2.20 12.69 589, 2713. 97.

1A-6-23 2.18 12.69 589, 2829. 102.

1A-6-24 2.04 12.68 589, 2793. 108.

1A-6-25 1.99 12.69 589. 2909. 115.

1A-6-26 Aol 12.69 589, 3229. 117.

1A-6-27 2.1 12.67 589. 1646 . 62,

1A-6-28 2.15% 12.72 589. 2455. 90. 9.8 .923
1A-6-29 2.15% 12.78 589. 2696. 99. 1ot/ .940
1A-6-30 2.15% 12.72 589. 2758, 101, 7.4 .635

ESTIMATED
1 LONGITUDINAL STRAIN GAGE FAULTY
1 TRANSVERSE STRAIN GAGE FAULTY

NOTE: FIBER VOLUME = 65.3 7%
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TABLE 6.4-3. CONCLUDED
(b) U.S. CUSTOMARY UNITS

STRAIN GAGE DATA
.002

€ =
APPARENT APPARENT
TEST FAILURE FAILURE COMPRESSION POISSON’S
SPECIMEN THICKNESS WIDTH TEMPERATURE LOAD STRESS MODULUS RATIO
IN IN F LBS KS1 MS |
1A=-6=-1 .0835% .5013 -250. 1162, 27.5
1A-6-2 .0818 4984 -250. 1176. 28.8
1A-6-3 .0849 .4998 -250. 1256. 29.6
1A-6-4 .0877 .4995 =250. 1280. 29.2
1A=6-5 .0897 .4999 -250. 1200, 26.8
1A-6-6 .0862 . 5000 -250. 1186. 27.5
1A=-6=-7 .0843 .5017 =250. 12568, 29.7
1A-6-8 .0846x .5011 -250. ir2r 41.8 4.35 .659
1A-6-9 .0846% .50138 =250. 1734. 40.9 2.56%x .684%xx
1A=6=10 .0846% .5004 =250. 2271. 53.6 3.64 .650
1A-6-11 .0835 .5009 70. 1075. 25.7
1A-6=-12 .0890 . 5007 70. 1000. 22.4
1A-6-13 .0857 . 5007 70. 978, 22.8
1A-6-14 .0872 .4984 70. 1037. 28.9
1A=-6=-15 L0772 .500% 70. 1118. 28.8
1A-6-16 .0861 . 5005 70. 980, 22.7
1A-6-17 .0881 .5007 70. 1052. 23.8
1A-6-18 .0846% .5012 70. 1026. 24.2 1.35 .476
1A-6-19 .0846% .5009 70. 1004. 23.7 1.81%% 712
1A-6-20 .0846% .500% 70. 1116. 26.4 2.21 174
1A-6-21 .0822 .4997 600, 700. 17.0
1A-6-22 .0865 .4997 600. 610. 14.1
1A-6-23 .0859 .4996 600. 636. 14.8
1A-6-24 .0802 .4993 600. 628, 15.7
1A-6-2% .0784 .4996 600. 654. 16.7
1A-6-26 .0853 .4996 600. 726. 17.0
1A-6-27 .0831 .4990 600. 370. 8.9
1A-6-28 .0846% .5007 600. 5582, 13.0 1.85 .928
1A-6-29 .0846% .5012 600. 606 . 14.38 1.11 .940
1A=-6-30 .0846% .5008 600. 620. 14.6 1.08 .635
% ESTIMATED

#% 1 LONGITUDINAL STRAIN GAGE FAULTY
%#% 1 TRANSVERSE STRAIN GAGE FAULTY

NOTE: FIBER VOLUME = 65.3 %
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SPECIMEN 1A-4-26
589K (600°F)

FAILURE STRESS
514 MPa (74.6 KSI)

SPECIMEN 1A-4-15
294K (70°F)

FAILURE STRESS
972 MPa (141 KSl)

SPECIMEN 1A-4-3
116K (-2500F)
FAILURE STRESS
1230 MPa (179 KSlI)

UNFAILED
SPECIMEN

Figure 6.4-2:

CELION 6000/PMR-15 DESIGN ALLOWABLES
COMPRESSION TESTS[ 0 ]1g LAYUP

Celion 6000/PMR-15 Design Allowables Compression Tests
[0]16 Layup - Failed Specimens
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SPECIMEN 1A-5-26
589K (600°F)

FAILURE STRESS
366 MPa (53.1 KSI)

SPECIMEN 1A-5-16
294K (700F)

FAILURE STRESS
585 MPa (84.9 KSI)

SPECIMEN 1A-5-4
116K (-250°F)

FAILURE STRESS
556 MPa (80.7 KSI)

UNFAILED
SPECIMEN

Figure 6.4-3:

CELION 6000/PMR-15 DESIGN ALLOWABLES
COMPRESSION TESTS [ 0/+45/90/-45 ] og LAYUP

Celion 6000/PMR-15 Design Allowables Compression Tests
[O/+45/90/—45]ZS Layup - Failed Specimens
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SPECIMEN 1A-6-23
589K (600°F)

FAILURE STRESS
102 MPa (14.8 KSI)

SPECIMEN 1A-6-14
294K (70°F)

FAILURE STRESS
165 MPa (23.9 KS1)

SPECIMEN 1A-6-2
116K (-250°F)

FAILURE STRESS
199 MPa (28.8 KSl)

UNFAILED
SPECIMEN

Figure 6.4-4:

CELION 6000/PMR-15 DESIGN ALLOWABLES
COMPRESSION TESTS [ +45 J45 LAYUP

Celion 6000/PMR-15 Design Allowables Compression Tests
[i45]4s Layup - Failed Specimens
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Figure 6.4-5: Celion 6000/PMR-15 Compression Tests (0)16 - Failure Stress



PSL

FRILURE STRESS

KSL MPA

125 ~
X
800
100 |-
" 5 " .
X X
X ]
75
% %
[ !
s0 |- .
3 FIBER VOLUME = 6S.3 Z
200 |
25 -
-
ol o 1 L L | ] I ]
0 100 200 300 400 =00 ®00 700
1 1 \ 1 | I L L \ | i L j
-400 ~-200 o 200 400 800
TEMPERATURE

Figure 6.4-6: Celion 6000/PMR-15 Compression Tests (O/+45/90/-45)25 - Failure Stress
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Figure 6.4-7: Celion 6000/PMR-15 Compression Tests (jflS)4S - Failure Stress
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Celion 6000/PMR-15 Compression Tests (0)]6 - Modulus



LSl

RPPARENT COMPRESION MODULUS

MSTI GPAR
10 —

FIBER VOLUME = BS.3 Z
- STRAIN GRGE DATA AT € = . 002

-400 -200 o 200 400 800
TEMPERATURE

Figure 6.4-9: Celion 6000/PMR-15 Compression Tests (0/+45/9O/—45)25 - Modulus



86l

RAPPARRENT COMPRESION MODULUS

2.0 -

.S |-

1.0 |-

GPA
30 0
FIBER VOLUME = 65.3 %
STRAIN GAGE DRTA AT € = . 002
0
20 —
0
0
0
. 0 0
g
" | 1 | | I L [ %
(o] 100 200 300 400 S00 800 700
1 1 A 1 1 | 1 | 1 1 1 Jd F
-400 -200 (o] 200 00 800 800
TEMPERATURE

Figure 6.4-10:

Celion 6000/PMR-15 Compression Tests (j45)4s - Modulus



6.5 In-Plane Shear Tests

This section presents test procedures and test results for in-plane rail

shear tests of a (0/+45/90/-45)S laminate. Shear modulus data from these
tests and from tension tests* of this laminate are compared with laminate
theory predictions. In addition, the in-plane shear modulus for a single
lamina, 612, is determined from the results of the (jﬂS)ZS tension tests*.

6.5.1 Rail Shear Tests

6.5.1.1 Test Procedures

In-plane shear tests (test 7 of Matrix 1A) were performed using bolted rail
shear fixtures provided by NASA LaRC. A typical test set up is shown in
Figure 6.5-1. Specimens were loaded diagonally (Fig. 6.5-2) using a Bald-
win Universal test machine. Test specimens were removed from the storage
oven, bolted (61 N-m (45 ft-1b) torque) to the rail fixtures and installed
in the test machine. Where applicable, strain gage output was recorded
using the data aquisition system. Load versus strain was also obtained
using a deflectometer outputting on an x-y recorder. Thermocouples were
installed on the test specimen and on the top and bottom rails to monitor
temperature gradients. Only one thermocouple was used on the room tempera-
ture specimen to assure that it had cooled to room temperature after
removal from the storage oven. A cross head travel of 2.1 x 10'5 m/sec
(.05 in/min) was applied and controlled using a potentiometer connected to
the test machine.

* Presented in Section 6.3.

159
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6.5.1.2 Test Results

Test results are presented in Table 6.5-1. Typical failed specimens are
shown in Figure 6.5-3.

Test results are plotted as functions of temperature in Figures 6.5-4 and
6.5-5. The data show a 15% drop in laminate shear strength at elevated
temperature. Laminate shear modulus is not significantly affected by
temperature. The shear modulus was calculated at an engineering shear
strain of 0.26%. At this shear strain level, incremental change in
back-to-back strain gage output varied from 0.6% to 37% with an average of
9%. Extensometer output was based on the relative displacement of the
rails. Using the relative displacement of the rails proved insat-
isfactory. This was shown by extensometer shear modulus results
approximately 60% Tower than those obtained from the strain gage output.
For this reason, shear modulus data is reported only for the strain gaged
specimens.

The in-plane shear modulus, ny, of the (0/+45/90/-45)S laminate was also
calculated from the results of the simple tension tests of this laminate.*
G_., was calcualted from the tension tests by the method of Rosen and Petit

Xy
(Ref. 2) as follows:

EX

Gy = 2(TF V)

where EX = modulus of (0/+45/90/—45)S laminate
ny = Poisson's ratio of (0/+45/90/-45)S laminate

Since EX and\)xy are reported at an extensional strain of € = .002, ny

is reported at a corresponding engineering shear strain of

Y,y =€(1 +V,) = .0026 forv, = .3.

* Presented in Section 6.3.



ny obtained from the in-plane (rail shear) tests and the tension tests are

compared with laminate theory predictions for ny (based on unidirectional
properties) in Table 6.5-2. The results compare very well.

6.5.2 Single Lamina In-Plane Shear Modulus (Gj,)

The Tamina in-plane shear modulus in the principal fiber direction, GlZ’
was obtained from the (i-_45)2S tension tests using the method of Rosen and
Petit (Ref. 2) as follows:

E
_ X
Gyp = 2(1+ nyj
where E = modulus of (1_45)25 laminate
ny = Poisson's ratio of (145)25 laminate

Since Ex andy_. are reported at an extensional strain of € = 0.002, the

in-plane lamin;yshear modulus is reported at a corresponding engineering
shear strain on12 =€ (1+\)xy) = 0.0036 for ny =~ 0.8. These results
are given in Table 6.5-3 and show a drop in shear modulus, G12, due to an
increase in temperature. This is as expected since 612 is a matrix domin-

ated property.
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Figure 6.5-1: Celion 6000/PMR-15 Design Allowables Inplane Shear Test Setup
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TABLE 6.5-1. CELION 6000/PMR-15 DESIGN ALLOWABLES INPLANE SHEAR TESTS [0/+45/90/-451S LAYUP

(a) SI UNITS
DISTANCE LAMINATE
BETWEEEN TEST FA1LURE FA1LURE SHEAR MODULUS
SPECIMEN THICKNESS LENGTH RAILS TEMPERATURE LOAD STRESS Y XY=.0026
MM MM MM K N MPA GPA
1A-7-1 12 76.784 7.87 116. 28357. 330.
1A-7-2 1.07 76.893 7.95 116. 25844, 315.
1A-7-3 1.10 76.827 7.92 116. 34318. 405.
1A-7-4 1.1 76.810 7.95 116. 32628. 383.
1A-7-5 1.13 76.797 7.87 116. 32583. 375.
1A-7-6 1.10 76.817 8.08 116. 33362. 394.
1A-7-7 1.12 76.805 7.75 116. 27579. 321.
1A-7-8 1.09 76.774 7.82 116. 27601. 331. 18.2
1A-7-9 1.06 76.784 7.98 116. 31049. 383. 16.8
1A-7-10 1.07 76.810 7.80 116. 33495. 406. 18.9
1A-7-11 il 76.820 7.95 294, 28202, 332.
1A-7-12 1.09 76.820 o ot 294. 32339. 385.
1A-7-13 1.08 76.777 7.67 294, 30871. 371.
1A-7-14 1.10 76.810 Ifariif 294, 32072. 380.
1A-7-1§ 121 76.764 8.00 294, 29759. 350.
1A-7-16 1.12 76.797 7.42 294, 33161. 386.
1A-7-17 1.10 76.789 7.44 294, © 31788. 376.
1A-7-18 1.10 76.797 7.44 294, 30871. 365. 17.0
1A-7-19 1.08 76.784 7.54 294, 24821, 300. L ol
1A-7-20 1.04 76.792 7.80 294, 26289. 330. U ol
1A-7-21 1.08 76.810 62 589. 26578. 320.
1A-7-22 1 il 76.784 7.70 : 589. 26912. 314.
1A-7-23 1.08 76.766 7.67 589. 24932. 301.
1A-7-24 1.10 76.83% 7.49 589. 27879. 323.
1A-7-25 1.07 76.817 7.90 589, 26489. 321.
1A-7-26 ol 76.784 8.05 589. 25533. 299.
1A-7-27 1.09 76.810 7.92 589, 25800. 308.
1A-7-28 1.10 76.807 8.15 589, 25511, 303. 19.2
1A-7-29 1.1 76.799 8.08 589. 23976. 281. 18.2
1A-7-30 il 76.759 7.65 589, 25310. 298. 17.6%

1 STRAIN GAGE FAULTY
NOTE: FIBER VOLUME = 65.3 %
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TABLE 6.5-1. CONCLUDED
(b) U.S. CUSTOMARY UNITS

DISTANCE LAMINATE
BETWEEN TEST FAILURE FA|LURE SHEAR MODULUS
SPECIMEN THICKNESS LENGTH RAILS TEMPERATURE LOAD STRESS Y XY=.0026
IN IN IN F LBS KS1 MS|
1A-7-1 .0441 3.0230 310 -250. 6375. 47 .8
1A-7-2 .0420 3.0278 .313 -250. 5810. 45.7
1A-7=-3 .0434 3.0247 .312 -250. 7715. 58.8
1A-7-4 .0436 3.0240 318 -250. 733§5. §5.6
1A-7-5 .0445 3.0235% .310 -250. 7325. 54.4
1A=7-6 .0434 3.0243 .318 =250. 7500. 57.1
1A-7-7 . 0441 3.0238 .30% -250. 6200. 46.5
1A-7-8 .0428 3.0226 .308 =250. 6205. 48.0 2.64
1A=-7-9 .0416 3.0230 .314 -250. 6980. §5.5 2.44
1A-7-10 .0423 3.0240 .307 -250. 7530. §8.9 2.74
1A-7=11 .0436 3.0244 .3138 70. 6340. 48 .1
1A-7-12 . 0431 3.0244 .304 70. 7270. §5.8
1A-7-13 . 0427 3.0227 .302 ZON 6940. 538.8
1A=7-14 .0433 3.0240 .306 70. 7210. §5.1
1A-7-15§ .0436 3.0222 .315 70. 6690. 50.8
1A-7-16 .0440 3.0235 .292 70. 7455. §6.0
1A=-7T=17 .0434 3.0232 .293 70. 7145. 54.5
1A-T-18 .0434 3.0235 .293 70. 6940. §2.9 2.46
1A=-7-19 .0424 3.0230 .297 70. 5580. 43.5 2.57
1A=-7=-20 .0409 3.0233 .307 70, 5910, 47.8 2.48
1A=-7-21 .0426 3.0240 .300 600. 5975. 46 .4
1A-7-22 .0439 3.0230 .303 600. 6050. 45.6
1A-7-23 .0424 3.0223 .302 600, §605. 43.7
1A-7-24 .0435 3.0250 .295 600. 6155. 46.8
1A-7-25 .0423 3.0243 311 600. §955. 46.5
1A-7-26 .0438 3.0230 317 600. §740. 43.4
1A-7=-27 .0429 3.0240 .312 600. $800. 44.7
1A-7-28 .0432 3.0239 .321 600. §785. 43.9 2.78
1A-7-29 .0438 3.0236 .318 600. §390. 40.7 2.64
1A-7-30 .0436 3.0220 .301 600. 5690. 43.2 2.55%

1 STRAIN GAGE FAULTY
NOTE: FIBER VOLUME = 65.3 %



Tab]é 6.5-2: Celion 6000/PMR-15 Design Allowables in-Plane Shear Modulus

ny of [0/+45/90/—45]S Laminate
LAMINATE
AVERAGE LAMINATE AVERAGE LAMINATE SHEAR MODULUS
TANGENT SHEAR MODULUS | TANGENT SHEAR MODULUS Sy

e - BASED ON UNTDIRECTIONAL
BASED ON RAIL SHEAR BASED ON’ TENSION PROPERTIES AND LAMINATE

TEMPERATURE TESTS TEST PLATE THEORY
K| (°F) ePa | (10° psi) GPa | (108 psi) GPa (10° psi)
16| (-250) | 18.0 (2.61) 19.2]  (2.79) 20.5 (2.98)
204 | ( 70) | 17.2 (2.50) 18.8 | (2.72). 19.4 (2.82)
589 | ( 600) | 18.3 (2.66) 18.4 |  (2.67) 18.5 (2.69)

* Based on 3 specimens for each temperature.
shear strain level of ny = .0026.

Tangent modulus reported at an engineering

Table 6.5-3: Celion 6000/PMR-15 Design Allowable Lamina In-Plane
Shear Modulus 612
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TANGENT MODULUS POISS%?'S LAMINA SHEAR
€= .002 RAT MODULUS G
TEST TYPE | LAYUP [SPECIMEN TES{OEEMP By €= .002 [Vjp=. 0035 12
GPa (106 psi)| Vxy |ePa (10° pst)
[+45],c| 1A-3-8 |116 (-250)| 21.0 (3.04) 778 5.88 (.853)
TENSION |[+45], | TA-3-9 [116 (-250)| 22.0 (3.19) 752 6.28 (.911)
[+45],¢ | 1A-3-10 (116 (-250)| 19.2 (2.78) .687 5.67 (.823)
[145]25'1A-3-18 294 (70)| 17.6 (2.55) .850 4.74 (.688)
TENSION |[+45]55| 1A-3-19 |294  (70)| 16.8 (2.43) .903 4.41 (.640)
(#4515 | 1A-3-20 |294  (70)| 17.9 (2.59) .867 4.78 (.694)
[+45],¢ | 1A-3-28 {589 (600) | 8.83 (1.28) .842 2.40 (.348)
TENSION |[+45], | 1A-3-29 |589 (600) | 8.48 (1.28) .835 2.32 (.336)
[+45]?_S 1A-3-30 /589 (600) | 8.00 (1.16) .801 2.21 (.321)
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FAILURE STRESS
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SPECIMEN
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Celion 6000/PMR-15 Design Allowables
In-Plane Shear Tests [0/+45/90/45]5 Layup
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Figure 6.5-3: Celion 6000/PMR-15 In-Plane Shear Tests [0/+45/90/-45]S Layup - Failed Specimens
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6.6 Interlaminar (Short Beam) Shear Tests

This section presents test procedures and test results of interlaminar
(short beam) shear tests of a (0)20 laminate.

6.6.1 Test Procedures

Interlaminar (short beam) shear tests (test 8 of Matrix 1A) were conducted
in accordance with ASTM D2344. Specimens were loaded in a 3 point bend
fixture using a Baldwin Universal test machine. A typical test set up is
shown in Figure 6.6-1. The test fixture has an adjustable span and uses
1.59mm (1/16 inch) radius reaction points and a 3.18mm (1/8 inch) radius
load point. Specimens were removed from the storage oven and installed in
the test fixture. A thermocouple was attached to the specimen. Specimens
were loaded to failure using a cross head travel of 2.1 x 10'5 m/sec (.05
in/min).

6.6.2 Test Results

Test results are shown in Table 6.6-1. Typical failed specimens are shown
in Figure 6.6-2.

Failure stress is plotted as a function of temperature in Figure 6.6-3.
The data indicate that interlaminar shear strength decreases with increas-
ing temperature, over the temperature range of 116K (-250°F) to 589K
(600°F). This decrease is 16% going from 116K (-250°F) to 294K (70°F) and
49% going from 294K (70°F) to 589K (600°F). This demonstrates the impor-
tant role that the matrix plays in providing interlaminar shear strength.
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Figure 6.6-1:

Interlaminar Shear Test Setup Celion 6000/PMR-15 Design Allowables
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TABLE 6.6-1. CELION 6000/PMR-15 DESIGN ALLOWABLES INTERLAMINAR SHEAR TESTS [0120 LAYUP

(a) SI UNITS
DISTANCE

BETWEEN TEST FAILURE FA | LURE

SPECIMEN THICKNESS WIDTH SUPPORTS TEMPERATURE LOAD STRESS

L MM MM K N MPA

1A-8-19 2.868 6.320 11, 116. 2949. 122.0
1A-8-20 2.662 6.289 1 116. 2647. 118.6
1A-8-21 3.025 6.368 Uil 116. 3194. 124 .1
1A-8-22 2.794 6.330 11. 116. 3047. 128.9
1A-8-24 2.619 6.375 1. 116. 2914. 131.0
1A-8-10 2.794 6.307 11 294. 2647. 112.4
1A-8-11 2.7338 6.375 11 204, 2513. 108.2
1A-8-12 2.799 6.317 11 294, 2349. 99.3
1A-8-13 2.603 6.309 1 294. 2229. 102.0
1A-8-14 2.558 6.284 11 294. 2295. 106.9
1A-8-15 2.701 6.388 11 294. 2349. 98.6
1A-8-16 2.573 6.373 1 294. 2291. 104.8
1A-8-17 2.652 6.358 11 294. 2455. 108.9
1A-8-18 2.639 6.355 1" 294. 2331. 104.1
1A-8-2 2.784 6.355 1. 589. 1308. §5.2
1A-8-3 2.880 6.37% 1. 589. 1272. 51.7
1A-8-4 2.736 6.380 1. $89. 1228. 52.7
1A-8-5 2.809 6.360 11. §89. 1277. 53.4
1A-8-6 2.565 6.363 11. 589. 1174, 53.8

NOTE: FIBER VOLUME = 65.3 %
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TABLE 6.6-1. CONCLUDED
(b) U.S. CUSTOMARY UNITS

DISTANCE
BETWEEN TEST FAILURE FAILURE
SPECIMEN THICKNESS WIDTH SUPPORTS TEMPERATURE LOAD STRESS
| IN IN F LBS KS1
1A-8-19 1129 .2488 .44 -250. 663. Uiiau
1A-8-20 1048 .2476 .44 -250. §95. 17.2
1A-8-21 1191 .2507 .44 -250. 718, 18.0
1A-8-22 1100 .2492 .44 =250. 685. 18.7
1A-8-24 . 1031 .2510 .44 -250. 655. 19.0
1A-8-10 .1100 .2483 .44 70. 595. 16.3
1A-8-11 .1076 .2510 .44 70. 565. 15.7
1A-8-12 .1102 .2487 .44 70. §28. 14.4
1A-8-13 .1025 .2484 .44 70. $501. 14.8
1A-8-14 .1007 .2474 .44 70. 516. 15.5
1A-8-15 .1099 .2515 .44 70. 528, 14.3
1A-8-16 .1013 .2509 .44 70. §15. 15.2
1A-8-17 .1044 .2503 .44 70. 5582. 15.8
1A-8-18 .1039 .2502 .44 70. 524. 15.1
1A-8-2 .1096 .2502 .44 600. 294 . 8.0
1A-8-3 .1134 .2510 .44 600. 286. 7.8
1A-8-4 .1077 .2512 .44 600. 276. all
1A-8=5 .1106 .2504 .44 600. 287. 7.8
1A-8-6 .1010 .25058 .44 600. 264. 7.8

NOTE: FIBER VOLUME = 65.3 %
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6.7 Data Summary

A summary of all Celion 6000/PMR-15 test results is given in Table 6.7-1.
Data shown are test type, laminate lay-up, temperature, number of speci-
mens, average test results and coefficient of variation. Test results are
very consistent as shown by the small coefficients of variation and may be
used for preliminary sizing of graphite/polymide structure.
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Table 6.7-1:

Celion 6000/PMR-15 Design Allowables Summary

Baseline "Dry"

65.3% Fiber Volume

EXTENSOMETER DATA STRAIN GAGE DATA
AVERAGE | AVG. TANGENT | AVERAGE |AVERAGE LAMINA| AVERAGE LAMINATE
. AVERAGE AVERAGE FAILURE | MODULUS POISSON'S S#;EAR MODLLUS S$EAR MODULUS
FAILURE i STRAIN €= .002 RATIOQ = ,0036 = .0026
TEST LAMINATE TEMPERATURE|  OF STRESS oAU E* e= ,002 P o *
TYPE LAYUP K (°F)  |SPECIMENS| . Ex alt x 43 Gy G,y
¢ v
| WPa_(kst) JT>[opa(10%s1 > [E>era (105 psi)] " ['GPa (106 psi)| GPa (106 psi)
116 (-250 10 - [1590 (231) [.052{135 %19 .6)|.053[.0113" |.0851134++ . (19.5)[ .383++ — —_
TENSION [0y 294 ( 70)| . 10 1510 (219) |.099|132 (19.1)|.037|.0112_1.076(136  (19.7) .333 —_— ——
' 589 ( 600 .10 1600 (232) (.030{135 (19.6)[.071(.0124" |.079|143  (20.8) .316 — —
116 (-250) 10 529 (76.7)[.054/44.8 (6.5)|.044|.0119 |.087(50.7++ (7.35) .317++ —_ 19.2+ §2.79)
TENSION [0/+45/90/-45] | 294 § 703 10 525 (76.1)[.116/48.3 57.0;.047 .0118 [.124]50.3 (7.29) .340 — 18.8 2.72)
: 589 ( 600 10 516 (74.8)|.045/46.2 (6.7)[.021|.0119 |.054|49.7+ (7.21) .349+ — 18.4+ (2.67)
116 (-250) 10 131 (19.0)(.023(20.0 (2.9)(.073|.0128° [.177]20.7  (3.00) .739 5.94 (.862) =
TENSION [+45],5¢ 294 ( 70) 10 123 (17.9)].017{17.9 (2.6)[.065| .0129 [.119(17.4 (2.52) .873 4.65 (.674; —
- 589 ( 600) 1 108 (15.6)(.069{11.7 (1.7)[.093|.0795 |162| 8.41 (1.22) .826 2.31 (.335 —
116 (-250) 10~ 1250 (182) |.098 e — — [132%*+ 19.1% .376%%+ —— —
COMPRESSION [0]y¢ 294" ( 7og 10 972 (141) |.163 — - - = |122%* (17.7) .331** — —
589 ( 600 10 549 (79.6).106 e = | T e (17.3) .01y —
116 (-250) 10 614 (89.1)[.162 — | = — | —|60.5 (8.78) .354 —_— 22.4 (3.25)
COMPRESSION ([0/+45/90/-45],¢ 294§ 70) 10 545 79.0;.%0 —_ |- - | — [41.9 (6.07) .319 e 15.9  (2.30)
589 ( 600) 10 380 (55.1)(.049 — | - — | — |50.7%* (7.35) .381** — 18.3** (2.66)
116 (-250) 10 231 (33.5)|.266 —— ] - — | — |24.3+++(3.52)| .664++ | 7.31+++ (1.06) —
COMPRESSION [+45]4¢ 294 { 703 10 168 (24.4)(.081 — |- — | = [12.3+ (1.79)| .654+ 3.70+  (.537) =
589 ( 600 10 101 (14.6)|.165 — - - — | 8.14 (1.18)| .833 2.2  (.322) —
116 (-250) 10 364 (52.8)[.099 — - - — — —— — 18.0 (2.61)
INPLANE SHEAR| [0/+45/90/-45]¢ | 294 ( 70 100|357 (5].8; 00 — =] = |~ e e v 17.2 (2.50)
589 ( 600 10 307 (44.5)(.043 _ — = = = = 18.3++++(2.66)
116 (-250 5 125 ]8] .040 = |=| = === = === ==
TSRS (035 208 (70| 9 Sl — || Z |2 = — — —
589 ( 600) 5 53 4 (7 7)|.024 — ||= = ||= == = == —
[=> Coefficient of variation (standard deviation/average). + 1 longitudinal strain gage faulty on 1 specimen.
* 3 specimens unless noted. + 1 transverse strain gage faulty on 1 specimen.
** 2 specimens. +++ 1 longitudinal and 1 transverse strain gage faulty on 1 specimen.
*** ] specimen. +H++ 1 strain gage faulty on 1 specimen

9 specimens
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7.0 COMPARISON OF CELION 3000/PMR-15 AND CELION 6000/PMR-15 DESIGN
ALLOWABLES

This section presents comparisons of Celion 3000/PMR-15 and Celion
6000/PMR-15 laminates with lay-ups of (0) (+45)ys, and (0/+45/90)c. In
order to make a meaningful comparison, the data were normalized to 58%
fiber volume using a rule of mixtures-mechanics of materials approach.
Based on heuristic arguments, laminate strengths were normalized in the
same manner as laminate stiffness. Normalizing factors used for Celion
3000/PMR-15 and Celion 6000/PMR- 15 are given in Tables 7.0-1 and 7.0-2
respectively.

7.1 Comparison of 0N Laminates

A comparison of Celion 3000 and Celion 6000 (O)N laminates is given in
Figure 7.1-1. There is no significant difference in the unidirectional
tensile strength of the two for the temperatures tested. The Celion 6000
based laminates, however, have 15% less unidirectional tensile modulus.

7.2 Comparison of (0/:_45/90);;S Laminates

A comparison of strength and modulus of Celion 3000 and Celion 6000
(0/:45/90);S laminates is shown in Figures 7.2-1 and 7.2-2 respectively.
Data show that the Celion 6000 laminates have approximately 20% less ten-
sion strength and modulus at room and elevated temperature. It is diffi-
cult to draw conclusions from the compression data since the Celion 3000
laminates were tested in an end loaded fixture and the Celion 6000 1amin-
ates were tested in an IITRI** fixture. In addition, the differences in

*Stacking order varies.
**TITRI: I1linois Institute of Technology Research Institute
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lay-up stacking could have a more pronounced affect on the compression
strengths than on tension. Compression data are shown for completeness and
to allow the reader to make his own conclusions.

7.3 Comparison of (jAS)NS Laminates

A comparison of Celion 3000 and Celion 6000 (iAS)NS laminates is given in
Figure 7.3-1. Data show that at room temperature the Celion 6000 laminates
had 56% less tension strength and 11% less tension modulus than the Celion
3000 Taminates. At elevated temperatures the Celion 6000 had 27% less
tension strength and approximately the same tension modulus as the Celion
3000 1aminates. Visual inspection of the failed room temperature speci-
mens revealed extensive fiber breakage in the Celion 3000 laminates and
relatively little fiber breakage in the Celion 6000 laminates. Scanning
electron microscope (SEM) photographs of the failed surfaces of these
specimens were inconclusive in explaining these differences. It may be
that edge effects in the Celion 6000 based 1aminates were more severe since
the plies were twice as thick. More probable is a macro-mechanical inter-
locking of plies in the Celion 3000 laminates which have twice as many
plies as those in the Celion 6000 laminates. At elevated temperatures the
strength and modulus disparity is greatly reduced. This may be explained
because of the matrix dominated behavior at elevated temperature.



Table 7.0-1:

Celion 3000/PMR-15 Design Allowables Factors for
Normalizing From 51.4% to 58% Fiber Volume

NORMALIZING FACTOR
LAMINATE 294K 561K
(70°F) | (550°F)
0°16 1.128 1.128
90° 4, 1.157 1.157
(0/445/90) 45 | 1.13 1.128
(90,+45,0),c | 1.13 1.128
o
+45° ¢ 1.153 1.152
6y5 1.157 1.157
Vi 1.0 1.0

Property58% = Property5] 2 x (Normalizing Factor)

Table 7.0-2: Celion 6000/PMR-15 Design Allowables Factors for

Normalizing From 65.3% F.V. to 58% F.V.

NORMALIZING FACTOR
LAMINATE 294K 589K
(70°F) | (600°F)
[0]g .888 .888
[0/45/90/-45T, | .881 .882
[+45]ys .832 .830
[90]y .826 .826
Gy, .826 .826
“12 1.0 1.0

PropertySB% - Property65 39 x (Normalizing Factor)
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Figure 7.1-1: Design Allowables Comparison Unidirectional Layup
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Figure 7.2-1: Design Allowables Comparison
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AVERAGE TENSION FAILURE STRESS
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8.0 CONCLUSIONS
The following conclusions have been drawn.

1. Celion 3000/PMR-15 and Celion 6000/PMR-15 are processable com-
posites that exhibit sufficient strength at elevated
temperatures to make them acceptable as 1light weight structural
materials for high temperature applications.

2. Celion 3000/PMR-15 is slightly stronger than Celion 6000/PMR-15.
3. Compression strengths of (jAS)NS laminates using the IITRI fix-
ture may be affected by 'fixity' lateral constraints due to a

short test section.

4, Measuring in-plane shear modulus by tension tests of (:AS)NS and
(0/145/90)NS laminates is an acceptable test procedure.

5. The CTE of A7F adhesive decreases due to aging.

6. - Thermal cycling produces micro-cracking in (0/1_45/90)S Celion
3000/PMR-15 Taminates.

7. Moisture has no effect on room-temperature properties but can

result in blistering due to rapid heating with subsequent loss
of strength at elevated temperature.

187



188

1.0

2.0

3.0

4.0

REFERENCES

Garcia, Ramon; Weisshaar, T.A.; and McWithey, R.R.: An Experi-
mental and Analytical Investigation of the Rail Shear Test Method
as Applied to Composite Materials. SESA paper No. R79-105, pre-
sented at 1979 SESA Spring Meeting, May 20-25, 1979.

Rosen, B.W., "A Simple Procedure for Experimental Determination of
the Longitudinal Shear Modulus of Unidirectional Composites.” J.
Composite Materials, Vol. 6 (October 1972), p. 552.

Sheppard, C.H.; and Hoggatt, J.T.: Quality Control Developments
for Graphite/PMR-15 Polyimide Composite Materials. (D180-20545-2A,
Boeing Aerospace Co.; NASA Contract NAS1-15009.) NASA CR-159182,
1979.

Sheppard, C.H.; Hoggatt, J.T.; and Symonds, W.A.: Manufacturing
Processes for Fabricating Graphite/PMR-15 Polymide Structural
Elements. (D180-20545-2, Boeing Aerospace Co.; NASA Contract
NAS1-15009.) NASA CR-159129, 1979.



1. Report No. 2. Government Accession No.

NASA CR-165840

3. Recipient’s Catalog No.

4. Title and Subtitle
Design
port.
Graphite/Polyimide Composites

Allowables Test Program - Final Re-
Celion 3000/PMR-15and Celion 6000/PMR-15

5. Report Date
JUNE 1982

6. Performing Organization Code

7. Author(s)
James B. Cushman and Stephen F. McCleskey

| 8. Performing Organization Report No.

9. Performing Organization Name and Address

Boeing Aerospace Company
Engineering Technology
Post Office Box 3999
Seattle, Washington 98124

10. Work Unit No.

11. Contract or Grant No.
NAS1-15644

13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address

National Aeronautics and Space Administration
Washington, D.C.
20546

Contractor Report

14. Sponsoring Agency Code

15. Supplementary Notes

Cooper, NASA/LaRC, Hampton, VA.
Boeing Aerospace Company, Seattle, Wa.

Technical Representative, Dr. Paul A.
Program Manager, Jack E. Harrison,

16. Abstract

uniaxial, pseudoisotropic and +45 laminates.

structural applications.

A design allowables test program was conducted on Celion 3000/PMR-15

and Celion 6000/PMR-15 graphite/polyimide composite'to establish material
performance over a 116K (-250°F) to 589K (600°F) temperature range.
Effects of aging, thermal cycling and moisture were also evaluated.
sion, compression and in-plane shear properties were determined for
Test results show suffi-
cient strength and stiffness to substantiate graphite/polyimide com-
posites as an acceptable structural material for high temperature

Ten-

17. Key Words (Selected by Author(s))
Composi te

Design Allowables Testing
Graphite/Polyimide
Celion 6000/PMR-15
Celion 3000/PMR-15

18. Distribution Statement

Unclassified - Unlimited

19. Security Classif. (of this report)

Unclassified Unclassified

20. Security Classif. (of this page)

21. No. of Pages
207

22. Price”*

*For sale by the National Technical Information Service, Springfield, Virginia 22151.

GSFC 25-44 (10/77)

189





