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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. Cooperwasthe 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 (-250°) to 589K (600°F).

A total of 225 tests were conducted on Cell on 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 (550°F).

Material environmental conditionings evaluated were 1) cured/post-cured;

2) thermally aged; 3) thermally cycled; and 4) moisture saturated. Tension

_u-l-t-ima.te^ strength, tangent modulus and Poisson's ratio were determined for

°16' ^30^ (O/l45/90^ and (l45)8s laminates. Compression ultimate
"strengths and modulus were measured for a (90/+45/0)4s laminate. In-plane

shear strength and modulus were measured for a (±45)3S laminate. CTE

properties were measured for a (Q/*45/9Q)«r laminate and a modified high
temperature adhesive designated A7F that is described. Flatwise (out-of-

plane) tension strengths were measured for a (0/+45/90)2c laminate and a

(0/+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 0Q, (0/+45/90/-45) s and (±45)2S laminates. Ultimate com-

pression strength, tangent modulus and Poisson's ratio were determined for

°16* (0/+45/90/-45)2S
 and ^i45Us 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)o0 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 at temperatures up to 589K (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/nrin),

caused blistering of the 561K (550°F) test specimens and subsequent reduc-
tion of matrix dominated laminate strengths (up to 62 percent of ™
when compared with cured/post-cured specimens). The (0'+45'90) /|S 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/>45/90)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/+45/90)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 NAS1-

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
fulfillment of Task 1.2.1.1 of the contract. Additional testing was con-
ducted on Boeing Independent Research and Development (IR&D) 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°K
(70°F) and 561°K (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°K (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

limited the size of resin batches mixed to 11 Kg (24 Ib) maximum. This was
to limit 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 limits 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. A7F is a 50:50 resin solids copolymer blend of NASA's LARC 13

adhesive (Supplied by NASA, LaRC) and AMOCO's AI 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

All 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.

All 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/m3 (8 lb/ft3) density.

Core was 19mm (.75 inch) thick.
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4.3 E f f e c t s of Conditioning On Panels

After panel condi t ion ing, test samples were cut and polished and photo-

micrographs of the sections prepared. Figures 4.1-1 through 4.3-8 compare

the extent of nncrocracki ng in quasi-isotropic Celion 3000/PMR-15 panels

tha t were condi t ioned either by thermal aging (125 hours at r)89K (600°F))

or by thermal cyc l ing (125 cycles, 116K (-250°F) to 589K (600°F)), w i t h a

one-hour hold at 5R9 (600°F) each cycle. Figures 4.3-1 and 4.3-? compare

typical sect ions of thermally aged vs. thermally cycled panels; the latter

nncrocracked in the outer layers. Figures 4.3-3 and 4.3-4 show higher

magn i f i ca t ion views of the same panels. It is evident, from Figures 4.3-1

and 4 .3-3 that:

1. the exposure to 589K (600°F) for 125 hours did not result in

microcracking

2. the original cure/postcure cycle did not result in microcracking

3. the PMK-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 in

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 (jt45)nc panel that was

subjected to the 125 thermal cycles; a relatively minor amount of micro-

cracking in the outer layers is evident.

Microcracking is 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



biaxial restraint. Other conditions affecting the formation and degree of

microcracking include:

1. cooling to lower temperatures (e.g., 116K (-250°F))

2. increase in resin brittleness (correlates with an increase in
glass transition temperature (Tg ) )

3. thermal shock
4. fiber volume

5. 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

Cell on 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 T for Celion 6000/PMR-15

would be expected.

10
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ĉnooint->fOC
T

)
^c

EiaQ
-

O
J

C
O

C
O

^~
*

C
M

C
MV
O

o*****

2* —o*^r—01c0)
-r-

4
-.

^c

«oc%4-> 
S

t_ 
<

O
 

1

10 
</

inao

^~*

inC
M

cnC
O

vo•̂̂
^

cn* —ooV
O

V
O

*,
 —
 ,

u
.

oooV
O

enC
O

m4->
^C-Ccn

-
 

c
a 

a)
j 

I-
0

 
<

/5

V
O

CO*
*
"*

enuninCOenm^
•
•
x

cn

^
^
 '

C
O

vo

_vo5u
.

oovo:*:

C
O

ID4
V

•oS
.

«C

V
)

a
.

1
1



Table 4.2-1 Celion 3000/PMR-15 and Celion 6000/PMR-15

Cure Cycle Requirements

1. 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.

2. 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 1.1-1.7K (2-3°F) per minute to 522 +5 K (480 +10 °F).

See Fig. 4.2-2.
3. 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.

4. After the 1379 Pa (200 psi) positive pressure has been applied, heat

part/assembly at the rate of 1.5-2.5 K (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.

5. Cool the part/assembly under pressure at the maximum of 1.1K (2°F) per

minute. See Fig. 4.2-2.
6. When the part temperature falls below 322K (120°F) pressure can be

released and the part removed from the autoclave.

7. 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.OK (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.

12



THERMOCOUPLE

EDGE BAR EQUIVALENT TO
COMPOSITE THICKNESS

STAUFFER
WACKER 7220
GUM STOCK OR
EQUIVALENT

RTV 106 OH
EQUIVALENT

VACUUM SOURCE:
0.250-jn HOLES.
MINIMUM 1 HOLE PER
1 SQUARE FOOT
SURFACE AREA
FOR 12 PLY
COMPOSITE

KAPTON VACUUM BAG
BOAT FABRIC
PERFORATED Ti 0 050 m. 0 125 m
DIAMETER HOLE. 1 5-tn CENTER

181 GLASS FABRIC
120 GLASS FABRIC

POROUSARMALON
PART/ASSEMBLY
POROUSARMALON

120 GLASS FABRIC
181 GLASS FABRIC

PERFORATED TiO 125-m
DIAMETER HOLES, i s-«n CENTLR
BOAT FABRIC
TOOL '

Double Bleed System* for Composites
per NASA CR 159182

STAUFFER WACKER
7220 GUM STOCK
OR EQUIVALENT

RTV 106 OR
EQUIVALENT

VACUUM
SOURCE

KAPTON FILM
BOAT FABRIC OPTIONAL
OPTIONAL <0.060-«i
Ti PRESSURE PLATE)
181 GLASS FABRIC
120 GLASS FABRIC
POROUS ARMALON
PART/ASSEMBLY
RELEASE KAPTON FILM
OR EQUIVALENT
TOOL

EDGE BAR EQUIVALENT TO COMPOSITE THICKNESS
THERMO COUPLE

Top Bleed System for Composites
per NASA CR 159182

* DOUBLE BLEEDER SYSTEM REQUIRED ON PARTS EXCEEDING 9 SQ. FT. OF
8 PLY LAMINATE. 6 SQ. FT OF 12 PLY LAMINATE, AND 1 SQ. FT. OF
24 PLY LAMINATE.

Figure 4.2-1: Bleed System for Composites
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°F

600

500

£§400

i
LU
Q.

300

200

100

Post Cure: 6 Hrs @ 603K

60 130 240

TIME (MINUTES)
300 360 420

Cure Cycle Graphlte/PMR-15 Graphite Polylmide prepreg

per NASA CR 159182

Figure 4.2-2: Graphite/PMR-15 Composite Cure Cycle
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MATERIAL
Q.C. ^

LAMINATE
PANEL

FABRICATION ^̂
NDI

__b
PANEL

MACHINING
_*.

[T>
PANEL

CONDITIONING •••

11[SPECIMEN
TAB

BONDING p
SPECIMEN
MACHINING
& NUMBERING ->

MOISTURE
CONDITIONING -* DELIVER TO

TEST LABS

-

SPECIMEN
INSTRUMEN-
TATION iĵ

Except for moisture conditioning.
Moisture condition specimens for Test 6
had strain gages installed prior to
conditioning.

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

L
MATERIAL

Q.C.

SPECIMEN
TAB

BONDING

-*

->

LAMINATE
PANEL

FABRICATION

SPECIMEN
MACHINING

& NUMBERING

— •*

-*

NDI

SPECIMEN
CONDITIONING

£>

-*

-*

PANEL
MACHINING

DELIVER TO
TEST LABS.

1

[j> 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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127 ym
(.005 in)

Outside -0° Ply
+45°
90°
+45°

Outside 0° Ply

Figure 4.3-1: 2W4582-14B (0.+45,90)4S, Condition 2, Aged

127 ym
(.005 1n)

Microcracks

Microcracks

Outside 90° Ply

+45°

utside 90U Ply

16
Figure 4.3-2: 2W4582-13B (90,+45,0)AC, Condition 3, Cycled



0° Ply

127 pm
(.005 in)

0° Ply

Figure 4.3-3: 2W4582-14B (0,+45,90),. Condition 2, Aged4S!

127 \im
(.005 in)

Microcracks

Outside 90
Ply

+45°

Figure 4.3-4: 2W4582-13B (90,+45,0) , Condition 3, Cycled4S'

17



127 prn
(.005 i n ) 1 w

Microcracks

Outside 90 Ply
•+45°
0°

Outside 90° Ply

Figure 4.3-5: 2W4582-13B (90.+45,0)4S, Condition 3, Cycled

90° Ply

127 ym
(.005 in)

Microcracks

0° Ply

Figure 4.3-6: 2W4582-13B (90,+45,0)4S, Condition 3, Cycled
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127 ym(.005 in)

Microcracks

utside +45U Ply

°

45"

-45°

-Outside +45° Ply

Figure 4.3-7: 2W4582-11B (±45)8S. Condition 3, Cycled

127 Mm
(.005 in)

Outside +45° Ply

Wfj$^

l&fe^

Figure 4.3-8: 2W4582-11B (+_45)fi<-, Condition 3, Cycled
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Table 4.3-1: Effect of Laminate Conditioning on Tg
Gel ion 3000/PMR-15

Panel No.

2W4582-7

2W4582-10

2W4582-13

2W4582-14

As Cured/Postcured

61 9K (655°F)

61 4K (646°F)

621K (658°F)

61 IK (640°F)

After Aging

62 4K (664°F)

620K (657°F)

After Cycling

62 6K (667°F)

639K (691°F)
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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 laminates
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/+45/90)c- 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°K (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 (+10°F) by placing thermocouples on the specimens which
were connected to a Thermae Model 624A temperature controller.

For the 116°K (-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 (+10°F) by placing thermocouples on the
specimens which were connected to an electro-pneumatic controller that
pumped in the liquid/gaseous nitrogen.

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

TEST

*>.

1

Z

3

4

5

6

7

8

9

11

13

TYPE

TENSION

TENSION

TENSION

COMPRESSION

COMPRESSION
(SANDWICH BEAM)

SHEAR
(TENSION TCST)

FLATWISE TENSION
(LAMINATE)

FLATWISE TENSION
(H/C CORE)

CTE

CTE

RAIL

LAMINATE
ORIENTATION

°1«

"So

(0/±«5/90)c

(K>,«IS.O)4$

(0/+45/90)s

(±45)8S

(0/+45/90)2s

(0/+45/90)2s

ADHfS IVE [£>

(0/+45/90)

(i45)3$

CONDITIONING

B>
i
2
3
1
2
3
4

1
2
3
4

1
2
3

2

1
2
3
4

1
2
1
2

1
2

1
2
3
1
2

NUMBER OF TESTS AT

RT

3
3
5

3
3
5
3

3
3
5
0

3
3
5

6

3
3
5
3

3
3
3
3

S61K
(SSO'F)

3
3
5
3
3
5
3
3
3
5
5
3
3
5

6

3
3
5
3
3
3
3
3

116K
(-250°F)

3
3
3
3

TESTS CONDUCTED
1 FROM 116K

, f (-250°F)
TO 589K (600°F)

2 J
3
2

3
2

TOTAL NUMBER
OF SPECIMENS

6
6

10
6
6

10
6
6
6

10
5
6
6

10

12

6
6

10
6
9
9
9
9

2
2

2
2
2
6
4

SPECIMEN
CONFIGURATION

Figure 5.1-1

Figure 5.1-2

Figure 5.1-3

Figure 5.1-4

Figure 5.1-5

Figure 5.1-6

Figure 5.1-7

Figure 5.1-8

PER PROCEDURES

PER PROCEDURES

Figure b.1-9

CONDITION CODE

1 - As cured/postcured

2 - Soaked for 12S hrs It 589K (600*F) in I
one (1) atomosphere environment (a i r )

3 - Thermally cycled 125 tines in a temperature
range from 116K to 589K (-250'F to 600*F)
and in a one (1) atmosphere environment (air)

Tne cryogenic temperature of 116K (-250*F)
shall be held for one-half (1/2) hrs and
the maximum temperature of 589K (60CTF)
shall be held for one (1) hr per cycle.
The heat-up and cool-down rates shall be
approximately 8.3K/«1n (lS*F/n1n)

Moisture Conditioned - Condition in a chamber maintained at
2Z2 + 6K (140°F » 10°F) and 95°. relative humidity at attnospneric
pressure until specimen rs saturated.

E>A7F (LARC-13. Amide-hide modified)
Adhesive f1l» cured Into bulk neat
resin specimens.
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Figure 5.1-1 Celion 3000/PMR-15 Design Allowables Test No. 1,
0°,£ Tension Specimen

lo

76.2mm
(3.0in)

— 63.5mm — —
(2.5in)

— fc—

jUDinm ^ i e. , u i n ;

.- — FIBERGLASS TABS
\ (2 Places)
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Figure 5.1-2 Celion 3000/PMR-15 Design Allowables Test No. 2,
902 , Tension Specimen

305mm

_76.2irm
(3.01n)"

63.5mm -
( 2 . 5 i n )

FIBERGLASS TABS
(2 Places)
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(l.Oin)

Figure 5.1-3 Celion 3000/PMR-15 Design Allowables Test No. 3,
(0,+45,90)4s, Tension Specimen

146mm
(5.75in)

ROOM TEMPERATURE

25.4mm
( l . O i n )

76.2mm
(3.0in)

1 n°r

12.7mm
( O . S i n )

I

ELEVATED TEMPERATURE

Figure 5.1-4 : Celion 3000/PMR-15 Design Allowables Test No. 4,
(90,+45,0). , Compression Specimen
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\ 609.6 trm \
\ (24.01n) \

t
t

ID
>C 4 RW

TEST LAMINATE ^
(0.+45,90)s

( .005") CELION 6000 TAPE
CORE - HRH 327 - 3/16 - 8.0

(HEXCEL DESIGNATION)

(1.0 1n)

.04" TITANIUN
6AL-4V (Standard)

or Equivalent

* 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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- — 63.5mm — -
(2. Sin)
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Figure 5.1-6 : Celion 3000/PMR-15 Design Allowables Test No. 6,
+45°
- 8s Tension Specimen

31.7 mm (1.25 inch) dia.

Titanium
(0/+45/90)2S

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 ADHESIV

GRAPHITE/POLYIMIDE-j
SHEETS

A7F (LARC-13)
ADHESIVE

fl

p _

[— POLYIMIDE CORE
HRH 327-3/16-8.
19.1 mm (..75 in

i //7-

n ^ffi

50.8 mm
(2.00 in)

D
THICK t. LOAD

BLOCKS

T
"50.8 mnT*
(2.00 in)

38.1 mm
(1.50 in)

Aluminum For Room Temp, and 116K (-250°F)

Steel for 561K(550°F)

Figure 5.1-8 : Celion 3000/PMR-15 Design Allowables Test No. 8,
Flatwise Laminate-to-Core Tensile Specimen

TEST
MATERIAL '

63.5 x 76.2 mm
(2.5 x 3.00 in)

BONDED, TAPERED
THICKNESS RAILS

(6FE)

Figure 5.1-9

76.2 mm
(3.0 in)

BOND RAILS TO LAMINATE
WITH (A7F) ADHESIVE

a = 12.7 mm
(0.5 in)

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 

Uniaxial 
Strai n Gage 

----------------~ - ~ 

0,+45,90) - s 
Celio" 6000/PMR-1S 

'----- TITAN IUM SK IN 

* Ce1ion 6000/PMR-1S Was Substituted for Ce1ion 3000/PMR-1S 

Figure 5.1-11: Strain Gage Location : Test 5* Celion 6000/PMR-15 Design Allowables 



1 Gage
One Side Only

Figure 5.1-12: Strain Gag« Location:
Test 13 Celion 3000/PMR-15 Design Allowables
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Figure 5.2-1: Elevated Temperature Enclosure
Cell on 3000/PMR-15 Design Allowables

30



Figure 5.2-2: Reduced Temperature Enclosure
Cell on 3000/PMR-15 Design Allowables
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5.3 Tension Tests

This section presents test procedures and test results for tension tests of

°°16' 90°30> (°/±45/9°)4s and (±45)sS 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" 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 0°-,g 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* ±45°8S and 90°30, the property degradation with temperature becomes
more significant. This trend is shown by the data in Figures 5.3-8 through
5.3-13.
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Ultimate tensile stresses, in general, show a decline due to aging (Cond.

2) and thermal cycling (Cond. 3), except for the ±45°8S laminates. The

+45°8S 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 l45g<- laminate strength due to aging or
thermal cycling (see Fig. 5.3-11). This is because the ±45°8<- 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,+45,90)<-, +45, and 90°, 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)™ laminate and
explains the low tension strength and modulus at 561°K (550°F) shown in

Figure 5.3-13 and 5.3-21. Blistering of the (0/+45/90)4S 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 (±45)ĝ  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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Figure 5.3-1: Typical Tension Test Setup
Celion 3000/PMR-15 Design Allowables
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COWO 1 CONO. 2 CONO

R.T. E.T. R.T. E.T. HT.

TEST MATRIX 1 - DESIGN ALLOWABLES

TEST NO 1 TENSION

Figure 5.3-2: Celion 3000/PMR-15 Design Allowables Tension Tests
0°16 Layup - Failed Specimens
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R.T. E.T. M.T. E.T. R.T.

TEST MATRIX 1 •••• DESIGN ALLOWABLES

TEST NO. 2 - TENSION

Figure 5.3-3: Celion 3000/PMR-15 Design Allowables Tension Tests
[90°]30 Layup - Failed Specimens
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R.T. E.T. E.T. R.T. E.T.

TEST MATRIX 1 - DESIGN ALLOWABLES

T t S T NO 3 T E N S I O N

Figure 5.3-4: Cellon 3000/PMR-15 Design Allowables Tension Tests
(0/+45/90)4S Layup - Failed Specimens
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COND. ,'

K . T . E.T. H.T. t.T. R.I'. 6.T.

TEST MATRIX 1 DESIGN ALLOWABLES

TEST NO. 6 SHEAR

f ' *!)%<:

Figure 5.3-5: Celion 3000/PMR-15 Design Allowables Tension Tests
Layup ~ Fai"Ied Specimens
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5.4 Compression Tests

This section presents test procedures and test results for the compression

tests of (90/+45/0)4<- coupon specimens and (0/+45/90)<- 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 laminate 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

5
an x-y plotter. Load was applied at a cross head speed of 2.1 x 10 ' 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 10 psi) and
41.5 GPa (6.02 x 106 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 106 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 0° 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 5.4-1: Compression Fixture 294K (70°F)
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Figure 5.4-2: Compression Fixture 561K (550°F)
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Figure 5.4-3: Typical Compression Test Setup
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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/+45/90)2s laminate and of a (0/+45/90)2S

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"
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 laminate-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 large 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 laminate 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 laminate 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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TEST LAMINATE

LOAD PIN AXIS
90° TO EACH OTHER

Figure 5.5-1 Celion 3000/PMR-15 Design Allowables Flatwise
Laminate-to-Laminate Tension Test Setup

TEST
LAMINATE

i

I,

LOAD PIN
AXIS 90°
TO EACH
OTHER

HONEYCOMB
CORE

Figure 5.5-2: Celion 3000/PMR-15 Design Allowables Flatwise
Laminate-to-Core Tension Test Setup
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5.6 Rail Shear Tests

This section presents test procedures and test results for rail shear tests
of a (+45)3<- laminate. Test results also include shear modulus calcula-
tions based on the tension tests of (0/+45/90),<. and (±45)gr 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~ 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. All 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 GYV values were 36.7 GPa (5.33 x 106 psi) and 36.4

C A I

GPa (5.28 x 10 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 10 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, G io j was obtained from strain gage data from the tension tests of the

+45g^ 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}.£ 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/+45/90)«<. laminate. Elevated temperature produced a 38% drop in the

single lamina in-plane shear modulus, G,?.
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Figure 5.6-1: Cell on 3000/PMR-15 Design Allowables In-Plane Shear Test Setup
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Table 5.6-2: In-Plane Shear Modulus Data Calculated From Tensile Tests
Celion 3000/PMR-15

LAMINATE LAYUP

+458Soo

(0/+45/90).
o

CONDITION
CODE

oc.

3

TEMPERATURE
K °F

OQA 1 ~Jf\ \Cs1* \ /(J)

294 ( 70)

294 ( 70)

561 (550)

294 ( 70)

561 (550)

Gxy c
GPa 10b Psi

.4 (2.53)

17.7 (2.57)

G-|2
GPa 106 psi
a. AT ( fi/nt .H 1 ^ .D*t J

4.07 (.59)

4.34 (.63)

.76 ( . 40 )

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/+45/90)4S, (0/+45/90)2S and (±45)gs 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.

107



Table 5.7-1: CTE DATA: CELION 3000/PMR-15

Specimen No.

2W4582-15D1

2W4582-1503

2W4582-15C2

2W4582-10B

2W4582-7C

2W4582-13B

2W4582-14B

2W4582-14

2W4582-10

Laminate

(0/+45/90)4S

(0/+45/90)4s

(0/+45/90)4s

>45)8S

(0/+45/90)2S

(±45/90/0 )4S

( 0/145/90 )4S

(0/+45/90)4S

(±45>8S

Condition*

2

2

1

2

3

3

2

1

1

Test
Axis

X

X

X

Z

Z

Z

Z

Z

Z

CTE, m/m-KxlO"5 c
(in/in°FxlO'5)

116K to RT
(-250F)

2.13
(1.18)

2.17
(1.2)

2.14
(1.19)

RT to 589K
(600°F)

2.65
(1.47)

2.79
(1.55)

2.55
(1.42)

52.9
(29.4)

48.1
(26.7)

37.7
(20.9)

48.5
(26.9)

54.7
(30.4)

54.1
(30.1)

116K to 589K
(-250°F) (600°F)

2.45
(1.36)

2.55
(1.42)

2.39
(1.33)

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)

Conditioning

Cured/Post Cured

Aged

Average Temperature

K (°F)

279 (43)

385 (234)

483 (410)

363 (194)

471 (388)

CTE

mm/mm-K x 10

(in/in- °FxlO"6)

26.6 (14.8)

30.3 (16.8)

35.4 (19.7)

17.5 (9.7)

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 5.8-4: Summary of Flatwise Tension Tests-CELION 3000/PMR-15,

Fiber Volume = 51.4%

TEST
TYPE

FLATWISE
TENSION

LAM.
TO
LAM.

FLATWISE
TENSION

LAM.
TO
CORE

LAYUP

(0/+45/90)2s

(0/+45/90)2s

TO
HONEYCOMB

CORE

COND.
CODE

1
1
1

2
2
2

1
1
1

2
2
2

TEMPERATURE

K °F

116 -250
294 70
561 550

116 -250
294 70
561 550

116 -250
294 70
561 550

116 -250
294 70
561 550

NO.
OF

SPEC.

3
3
3

3
3
3

2
3
4

0
3
4

AVERAGE STRESS

MPa Ksi [£>

20.76 3.011 .347
26.43 3.833 .013
8.84 1.282 .170

11.05 1.603 .548
13.32 1.932 .186
9.97 1.447 .392

1.79 .259 .551
6.23 .904 .130
2.49 .361 .232

* * *
5.05 .733 .023
3.95 .573 .048

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.

All 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

TEST
NO.

1

2

3

4

5

6

7

8

TEST METHOD

TENSION

(ASTM D3039)

COMPRESSION

(IITRI)

IN-PLANE

.SHEAR ID5"

INTERLAMINAR

SHEAR

(ASTM D-2344)

SPECIMEN*
CONFIG.

Figure

6.1-1

Figure
6.1-2

Figure
6.1-3

Figure
6,1-4

LAMINATE
LAY-UP

[o]8

[0/+45/90/-45]s

[±45]2S

row
[0/+45/90/-45]2S

[±45]4$

[0/+45/90/-45]s

CO]20

NO. OF TESTS AT TEMP.
116eK

(-250"F)

10

10

10

10

10

10

10

5

294° K
(70°F)

10

10

10

10

10

10

10

5

589°K
(600°F)

10

10

10

10

10

10

10

5

TOTAL

TOTAL
SPECIMENS

30

30

30

30

30

30

30

15

225

D>Per SESA Paper No. R79-105, May 1979

* All 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°K (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),
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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 laboratory environment

(nominally 294°K (70°F)). No special environmental conditioning was used.

For the elevated temperature tests, 589°K (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 (+10 F) by placing thermocouples on the speci-
mens that were connected to a Thermae model 624A temperature controller.

For the 116°K (-250°F) tests, specimens were placed in an enclosure (see

Figure 5.2-2) that was cooled by evaporating liquid nitrogen. Tempera-

tures were controlled to +6K (+10 F) by placing thermocouples on the speci-
mens that were connected to an electro-pneumatic controller that pumped in

the liquid/gaseous nitrogen.

All specimens were brought to the desired temperatures and then soaked for

10 minutes prior to test.

115



305 mm
(12.0 Inch)

_9 .5 mm
(0.375 Inch)

(Typ)

6.53 mm
(.257 Inch) Dia. Hole -
(Typ)

8.4 mm
(.33 Inch)

(Typ)

25.4 mm-!
(1.0 Inch)

_63.5 mm
(2.5 Inch

SEE MATRIX 1A FOR
SPECIMEN LAY-UP
CELION 6000/PMR-15

FIBERGLASS/POLYIMIDE
TABS - 4 PLYS
HIGH-TEMP. ADHESIVE

589K (600*F)

Figure 6.1-1: Celion 6000/PMR-15 Design Allowables
Tension Specimen Configuration

-12.7 mm
(0.5 Inch) TEST

REGION

55.25 mm 1-08
(2.175 Inch ±-003)

FIBERGLASS/POLYIMIDE
END TABS - 4 PLYS
(4 PLACES)

, 55.25 mm ±-08

(2.175 Inch ±-003)

-12.7mm±-08(.5oi-003Inch)

SEE MATRIX 1A FOR
SPEC. LAY-UP
CELION 6000/PMR-15

< 0.08 mm
el e2~ (0.003 inch)

Figure 6.1-2: Celion 6000/PMR-15 Design Allowables IITRI
Compression Specimen Configuration
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58.4 mm
(2.3 Inch)

76.2 mm
(3.0 Inch)

DRILL HOLES TO MATCH
RAIL FIXTURE

(0/+45/90/-45)s

CELION 6000/PMR-15

7.6 mm
(0.3 Inch)

TEST
REGION

Figure 6.1-3: Celion 6000/PMR-15 Design Allowables

In-Plane Shear Specimen Configuration

25.4 mm .
(1.0 inch)

[

0°
20

CELION 6000/PMR-15

- 6.4 mm
(.25 inch)

2.5mm (0.1 Inch) Ref.

Figure 6.1-4: Celion 6000/PMR-15 Design Allowables
Interlaminar Shear Test Specimen
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Table 6.1-2: Strain Gaged Specimens

TEST
NUMBER

1

2

3

4

5

6

7

8

TEST METHOD

TENSION

(ASTM D3039)

COMPRESSION

(IITRI)

INPLANE
SHEAR [£>

INTERLAMINAR
SHEAR
(ASTM D-2344)

STRAIN GAGE
LOCATION

Figure

6.1-5

Figure
6.1-6

Figure
6.1-7

Nnt
Applicable

NUMBER OF SPECIMENS STRAIN
GAGED AT TEMPERATURE
-116 K
(-250°F)

3

3

3

3

3

3

0

294 K
(70°F)
3

3

3
3

3

3

0

589 K
(600°F)

3

3

3

3

3

3

0

Fi"-̂ . Dav. CCCfl nanaM Mr. D7Q 1 OK Maw 1 Q7Q

TOTAL GAGED
SPECIMENS

9

9

9
9

9

9

0

TOTAL 63

NOTE: Strain gaged specimens are included in
total specimens in Matrix 1A, Table 3.
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i
9

c •

1

lil
T

3C« , / OC -I'M N fcJ

— 1

153 mmC
(Ref)

1 0 -7 _

6.0

1 c

in.)

,

T
t .

Two Sets of Gages Mounted Back-to-Back
(WK-00-250BG-350)

Figure 6.1-5: Celion 6000/PMR-15 Design Allowables Strain Gage Locations
Tension Specimen Tests 1 through 3

- 61.7 mm -
(2.43 in.)

(Ref)

Figure 6.1-6:

— 6.35 mm (.25 in.)

Two Sets of Gages Mounted Back-to-Back
(WK-00-125TM-350)

Celion 6000/PMR-15 Design Allowables Strain Gage Locations
Compression Specimen Tests 4 through 6

Rails (Ref)

38.1 mm
(1.5 i n . )

(Ref)

\

\

3.8 mm (.15 in.)

G 45C

Two Sets of Gages Mounted Back to Back
(WK-00-06WR-350)

Figure 6.1-7: Celion 6000/PMR-15 Design Allowables strain Gage Locations
In-Plane Shear Specimen Test 7
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Figure 6.2-1: Elevated Temperature Enclosure
Celion 6000/PMR-15 Design Allowables
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6.3 Tension Tests

This section presents test procedures and test results for tension tests of

(0)8, (0/+45/90/-45)s and (+45)2S 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 10 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 (0)g and (0/+45/90/-45)s

layups. Tension strength and modulus of the (+45)2S 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
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the exception of the elevated temperature (^SJ^c 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%.
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Figure 6.3-1: Tension Test Setup
Celion 6000/PMR-15 Design Allowables 294K (70°F)



Figure 6.3-2: Tension Test Setup
Cellon 6000/PMR-15 Design Allowables 589K (600°F)
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6.4 Compression Tests

This section presents test procedures and test results for compression

tests of (0)16, (0/+45/90/-45)2S and (±45)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 head travel of 2.1 x

10" 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: Illinois Institute of Technology Research Institute
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with increasing temperature. For the (0)jg laminates this may be because

the matrix plays an important role in the stability of the fibers. For the

(0/+45/90/-45)2s and (±45)4S laminates this behavior is explained by the

matrix dominated nature of these laminates and by the behavior of the (0)-^

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.
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Figure 6.4-1: ITTRI Compression Test Setup
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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),- 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, G^» is determined from the results of the (i45)2<- 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-lb) 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 m/sec

(.05 in/min) was applied and controlled using a potentiometer connected to
the test machine.

* Presented in Section 6.3.
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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% lower 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, G , of the (0/+45/90/-45)<. laminate was also
Xjr O

calculated from the results of the simple tension tests of this laminate.*

6 was calcualted from the tension tests by the method of Rosen and Petitxy
(Ref. 2) as follows:

G E

xy 2(1+Vxy)

where E = modulus of (0/+45/90/-45)<- laminate
A O

VYU = Poisson's ratio of (0/+45/90/-45),- laminate
AJr J

Since Ev and-u , are reported at an extensional strain of e = .002, GvvA xy xy
is reported at a corresponding engineering shear strain of

Yxy =£(1 +Vxy) = .0026 forvxy - .3.

* Presented in Section 6.3.

160



G obtained from the in-plane (rail shear) tests and the tension tests arexy
compared with laminate theory predictions for GYV/ (based on unidirectional

*y
properties) in Table 6.5-2. The results compare very well.

6.5.2 Single Lamina In-Plane Shear Modulus (G^l

The lamina in-plane shear modulus in the principal fiber direction, G i£»

was obtained from the (+45)~s tension tests using the method of Rosen and

Petit (Ref. 2) as follows:

G12 2(1+ Vxy)

where EX = modulus of (±45)2c laminate

V = Poisson's ratio of (J:45)9<- laminate
Xjf LO

Since E andvv,. are reported at an extensional strain of e = 0.002, the
" A V

in-plane lamina shear modulus is reported at a corresponding engineering

shear strain of Y19 = £ (1+VVU) = 0.0036 forVv., - 0.8. These resultsLC. xy xy
are given in Table 6.5-3 and show a drop in shear modulus, G-jp. due to an

increase in temperature. This is as expected since G^ 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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DIAGONAL LOAD
INTRODUCTION

BOLTED
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THICKNESS
RAILS

TEST
MATERIAL

Figure 6.5-2: In-Plane Shear Tests Diagonal Load Introduction
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Table 6.5-2: Celion 6000/PMR-15 Design Allowables In-Plane Shear Modulus
6 of [0/+45/90/-45]c Laminate

«J' O

TEMPERATURE

K

116

294

589

(°F)

(-250)

( 70)

( 600)

AVERAGE LAMINATE
TANGENT SHEAR MODULUS

GXy*
BASED ON RAIL SHEAR

TESTS

GPa

18.0

17.2

18.3

(106 psi)

(2.61)

(2.50)

(2.66)

AVERAGE LAMINATE
TANGENT SHEAR MODULUS

Gxy*
BASED ON TENSION

TEST

GPa

19.2

18.8

18.4

OO6 psi)

(2.79)

(2.72).

(2.67)

LAMINATE
SHEAR MODULUS

Gxy
BASED ON UNIDIRECTIONAL
PROPERTIES AND LAMINATE

PLATE THEORY

GPa

20.5

19.4

18.5

(106 psi)

(2.98)

(2.82)

(2.69)

* Based on 3 specimens for each temperature. Tangent modulus reported at an engineering
shear strain level of Y¥U

 = -0026.

Table 6.5-3: Celion 6000/PMR-15 Design Allowable Lamina In-Plane
Shear Modulus G,,,

TEST TYPE

TENSION

TENSION

TENSION

LAYUP

[±45]2S
[±45J2s
[±45]£

[±45]2S
[±45]2s
[+45]2S

[±45]
[±45]2

Z
S
S

[±45]2S

SPECIMEN

1A-3-8
1A-3-9
1A-3-10

1A-3-18
1A-3-19
1A-3-20

1A-3-28
1 A- 3-29
1A-3-30

TEST TEMP
K (°F)

116 (-250)
116 (-250)
116 (-250)

294 (70)
294 (70)
294 (70)

589 (600)
589 (600)
589 (600)

TANGENT MODULUS
e= .002

EX
GPa (106 psi)

21.0 (3.04)
22.0 (3.19)
19.2 (2.78)

17.6 (2.55)
16.8 (2.43)
17.9 (2.59)

8.83 (1.28)
8.48 (1.28)
8.00 (1.16)

POISSON'S
RATIO

E = .002

^xy

.778

.752

.687

.850

.903

.867

.842

.835

.801

LAMINA SHEAR
MODULUS G,«
^ 2 =.0036
GPa (TO6 ps1)

5.88 (.853)
6.28 (.911)
5.67 (.823)

4.74 (.688)
4.41 (.640)
4.78 (.694)

2.40 (.348)
2.32 (.336)
2.21 (.321)
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6.6 Inter!aminar (Short Beam) Shear Tests

This section presents test procedures and test results of interlaminar

(short beam) shear tests of a (0)2Q 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" 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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6.7 Data Summary

A summary of all Cel ion 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 var ia t ion . Test results are
very consistent as shown by the small coefficients of variat ion and may be
used for pre l iminary s iz ing of graphi te /polymide structure.

176



$-(C</>O
 

'T

«=C 
j_

— _ 
D

U
") 

"̂
^

*JT 
Li_

n
i

Q
 
c
o

^ ts
i
 v

O
 
0

a
 =

g
 
a
,

C
 
i-

o 
• —

•r- 
Q

J

O
 
O

Q

»0)(O
I—

Si—
 t

t—I/)

1oc15

la£
S

«
5
 w

 <M

U
J
L
U

 
X

^
§

8
..

S
oe 

«a~
<

 
C

M
U

JU
J 

r—

U
J
 - 

C
\J

«
t g

 2
 w

fc^
 

C
M

u
i B

 ̂
5

8
"

U
J
 U

J

S
§

3
 

^
U

J
 
»
-H

 
tt 

3

u
. tn

a
t/)

s
'i

2
 s

 
x

U
J
 
0
 

U
J

ill

iJJW
5
 

1
 1

.1
L
J

 —
 ' 

S

§
2

fe

u, i'
t

U
, 

*;

U
J

sFU
J

 
-i-̂

LAMINATE
LAYUP

II

toD
-

1

Q
.

1Q
.

>

•»
-

O0

AA
•*-

ofeÂî'
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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)N (±45)NS, and (0/+45/90)NS. 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 ON Laminates

A comparison of Celion 3000 and Celion 6000 (0)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)NS Laminates

A comparison of strength and modulus of Celion 3000 and Celion 6000

(0/+45/90)N<. 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 lamin-
ates were tested in an IITRI** fixture. In addition, the differences in

*Stacking order varies.
**IITRI: Illinois 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 (j:45)N<. Laminates

A comparison of Celion 3000 and Celion 6000 (l45)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 laminates. At elevated temperatures the Celion 6000 had 27% less

tension strength and approximately the same tension modulus as the Celion

3000 laminates. 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 laminates 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.
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Table 7.0-1: Celion 3000/PMR-15 Design Allowables Factors for
Normalizing From 51.4% to 58% Fiber Volume

LAMINATE

no
° 16

90°1 30

(0/±45/90)4s

(90,+45,0)4S

145°8S

G12

V12

NORMALIZING FACTOR

294K
(70°F)

1.128

1.157

1.13

1.13

1.153

1.157

1.0

561 K
(550°F)

1.128

1.157

1.128

1.128

1.152

1.157

1.0

Property58% - Property51>4% 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.

LAMINATE

[o]g
[0/45/90/-45]N$

[+45]NS

[90],

G i2
V12

NORMALIZING FACTOR

294K
(70°F)

.888

.881

.832

.826
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Figure 7.1-1: Design Allowables Comparison Unidirectional Layup
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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 light weight structural

materials for high temperature applications.

2. Celion 3000/PMR-15 is slightly stronger than Celion 6000/PMR-15.

3. Compression strengths of (±45)N<. 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 (+45)^ and

(0/+45/90)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/+45/90)- Celion
O

3000/PMR-15 laminates.

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.
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