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FOREWORD

This report covers the work performed in Phase I of National
Aeronautics and Space Administration (NASA) Contract NAS 9-11368 during
the period of 1 January through 30 May 1971. The work was performed under
the sponsorship of the NASA Manned Spacecraft Center R&D Procurement
Branch. The program is administred under the direction of Mr. T. J. Dunnm,
Technical Monitor. ’ -

The work is being performed by the Composite Materials Development
Department, Hercules Incorporated, Bacchus Works, Magna, Utah,

Published by

The Publications Group
General Services Department
HERCULES INCORPORATED
Bacchus Works
Magna, Utah
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ABSTRACT

The work reported herein was accomplished during the materials
selection phase (Phase I) on NASA Contract NAS 9-11368. This report is

" submitted in compliance with Article I, requesting reports at the end

of each phase of the contract.

This being the first report under Contract NAS 9-11368, an out-
line of the total program is presented under paragraph A, Introduction.
Basic requirements of the materials selected and the rationale for these
requirements are discussed in paragraph B.1l.

The selected resin for the first core and face sheet fabrication
is Monsanto RS6234 polyimide. Later cores may use another resin. The
selected fiber for core manufacture is Hercules HT-S, and the selected
fiber for face sheets is Hercules HM-S; these selections are discussed
in paragraphs B.2 and B.3, respectively. Bonding adhesives for face
sheet-to-core bonding are to be made in Phase III of the program;
however, screening of candidates is discussed in paragraph B.4.
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DEVELOPMENT OF LIGHTWEIGHT GRAPHITE/POLYIMIDE HONEYCOMB

A, INTRODUCTION

The objective of this program is to develop the tools and techniques
necessary to produce extremely lightweight honeycomb sandwich panels, to
fabricate and test these panels, and to develop design data. Carbon .
fibers are to be used with a resin suitable for a 200-hour, 600° F,
exposure, The target core weight is 2.0 1b/cu ft, requiring 0.001 to
0.002 in. per ply thicknesses. Honeycomb core in various weights and
cell sizes and candidate face sheet orientations will be made and tested.
Sandwich panels will then be made from the lightest workable gauges
until a minimum feasible weight configuration is established. Struc-
tural tests will be performed to establish design parameters, allowable
strengths, and resultant deflections. Test results for the graphite
panels will be compared with results to ‘be expected from glass fiber
panels of comparable weight and configuration.

The program is being conducted in fiGé phases as follows:
Phase I - Materials Selection’
Phase II - Thin Gauge Material Manufacture
Phase III - Fabrication Development
Phase IV - -Design and Manufacture of Panels

Phase V

Panel Testing and Design Allowables Determination

The program will be conducted in an 18-month time span with reports
written at the end of each phase., The program milestone schedule is
presented in Table I. '
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B. PHASE 1 EFFORT - MATERIALS SELECTION

High temperature resin systems were evaluated through both litera-
ture review and materials testing. Recommendations for potential mate-
rials were made on the basis of analysis work under Phase I and Phase IV
materials studies,

Five fibers known to have the capability of achieving the desired
thin gauge composite thickness with no fiber manufacturing changes were
considered: Hercules (Courtaulds) HM, HT, and A; and Morganite I and II.
Processibility, cost, availability, and sandwich panel design require-
ments were used to reduce this to two fibers. Tested properties were
evaluated on these two fibers prior to final selection. h

Face sheet-to-core bonding adhesive candidates were selected on the
basis of resin filleting tests, resin handling, processing characteristics,
and high temperature bond strength. Final bonding adhesive selection
will occur in Phase III of the program.

The following subparagraphs give the results of the materials
selectlon effort.

1. Material Requirements

The materials selection is controlled by the intended use of
the lightweight honeycomb sandwich panels which are to be delivered at
the end of the program. The intended use is to be the structural support
panel for a thermal protection system. The general configuration is
shown in Figure 1. The panel is 24-in. wide and is to be simply supported
at a distance of 25 in. The load is distributed uniformly over the
panel at a maximum value of 8 psi. The insulation system which the
sandwich panel supports has an elongation capability of 0.4 percent
(4,000 in./in, ) The minimum temperature the panel is to be designed
to meet is 500° F.with a goal of 600° F and an exposure duration of
200 hours.

The effects of these design requirements on the materials to
be selected (core, face sheet, and face sheet-to-core bonding adhesive)

are discussed in the following subparagraphs.

a. Core Material Requirements

The material from which the core is to be manufactured
.must enable the core to meet the following specific requirements:

(1) The core must have sufficient shear strength
to withstand the design induced shear stresses
through the relation

2V
s = b@+Ey o
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Figure 1. Panel Configuration

where:
Fs = core shear stress
V. = applied shear load
b = panel width
d = panel height
t, = core thickness
(2) The core bending and shear modulus must be of
sufficient magnitude to prevent excessive
deflection of the core, and to prevent face
sheet wrinkling through the relation
= 1/3
Fes wrinkling 0.5 (6, E. Eg) (2)
where:
Gc = core shear modulus
E, = core Young's modulus
Be = face sheet Young's modulus
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(3) The core must have the compressive strength to
resist crushing by both the design loads acting
normal to the panel facings and by flexure-
induced core compressive stresses.

The most important of these three requirements is core
shear strength. If the shear requirements can be met, the core compres-
sive strength and modulus will normally exceed design requirements,

Continuous unidirectional graphite in a resin matrix
represents a possibly optimum material system for maximizing strength
and modulus to weight. The major advantage of graphite would be reduced
weight; however, for very stringent deflection limits, the higher
stiffness of graphite core also results in thinner gauge skins and a
further weight saving. '

Core cell size is another variable of great importance.
For a given base material, cell size will determine ultimate density and
associated honeycomb properties. Further, it has a significant influence
on core-to-face sheet bonding efficiency, and on face sheet thickness
and weight. The latter influence on the face sheet results from
intercell buckling which is inversely proportional to cell size through

the relation
£ \2
1 - r5)

Fcr buckling f\s

where:

F’ R = critical intercell buckling stress
cr buckling

Ef = modulus of facing
tf = thickness of facing
Mf ‘ = Poisson's ratio of facing

s = cell size

It is this relation which prevents the reduction of core weight through

the use of larger and larger cell sizes. The design of a minimum weight
panel requires a balance between core shear strength, face sheet bending
stress, face sheet wrinkling stress, and the intercell buckling stress.

Preliminary calculations,” using assumed values for composite properties
and core properties, have 'shown a cell size between 1/4 and 3/8 in.

‘should produce the minimum weight sandwich panel for this applicationm.

I
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In order to obtain the target core density of less than
2.0 1b/cu ft, a tradeoff between extremely thin web thickness and cell
size is required. Table II gives core density versus foil thickness
and cell size for a graphite composite of 95 1b/cu ft density (0.055
1b/cu in.). Table II is based upon the relation from Reference 2 for
hexagon cell

wc - 3s wo' ' *)
where: |
Wc = core density
Wo = density of web or ribbon material
to = web thickness

s = cell size

It can be seen that at a cell size of 0,500 in., the web
thickness must be less than 0.004 in., and at a cell size of 0.250 in.,
the web thickness must be less than 0,002 in., Further, the more effi-
cient laminates for combined shear and compressive stress will require
more than one ply, such as +45 or 0 + 45. These orientations require
2 and 3 plies, respectively, ignoring the possible need for a balanced
layup which would require 4 and 6 plies, respectively. The fiber
selected, and its form (random mat, oriented mat, cloth, or broadgoods)
must, therefore, be capable of achieving less than 0.002 in. per ply.

b, Core Manufacturing Requirements

~ Honeycomb core manufacturing techniques must also be
considered in the.selection of the fiber/matrix core material. There
are two principle methods for manufacturing honeycomb core: The.
corrugation process, and the expansion process. In the corrugation
process, the web stock material is just corrugated and, subsequently,
"bonded at the node points to form the honeycomb, In the expansion’
process, the web stock is first bonded at the node points and then the
stacked sheets pulled or expanded to the desired cell configuration.
The expansion process could use either cured or uncured sheets; however,
it is limited to web stock which is sufficiently pliable to withstand
expansion., High stiffness-low elongation materials are very difficult
to expand successfully; therefore, it is expected that uncured web
stock would be required with graphite fiber. The development of a
graphite prepreg system, with a high temperature matrix which could be
expanded, was considered to be of too high a risk to this program;
therefore, the corrugated process was selected. The two fabrication
procedures are illustrated in Figures 2 and 3.

2Refer to List of References
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Figure 2. Expansion Process of Honeycomb Manufacture
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In the corrugation process, the web stock is corrugated
while it is still pliable, then the corrugated sheets are cured in metal
molds which have been carefully designed to produce the configuration
desired. Since it is a press=cure procedure, the use of high pressuresL
and temperatures is possible. Vacuum can also be used; however, higher
production rates and lower cost would be attainable without vacuum.

C. Face Sheet Material Requirements

In a sandwich panel with symmetr1ca1 fac1ngs, un1form1y
1oaded as a simple-supported beam, the optimum panel design is controlled
by the face sheet allowable stress, allowable panel deflection, and
minimum weight. Since the insulation the sandwich panel is to support
has a limited elongation capability (0.4 percent), small panel deflections
are required., It has also been pointed out in Equations (2) and (3) in
subparagraph a. that a high face sheet modulus produces an advantage and
would lead to a lighter panel. Studies run in Reference 2 have indicated
that face sheet thicknesses in the order of 0.007 to 0.015 in. produce
the minimum weight panels with presently available cores of glass and
nomex. These face sheets were mostly unidirectional with 10 to 20 per-
cent of the fibers in the transverse direction to permit handllng and to
carry stresses resulting from the Poisson effect.

Thus, high modulus graphite with an ultimate elongation,
around 0.4 percent and ply thicknesses of 0,005 in., are required for the
spanwise direction of the face sheet while very thin plies of material,
0.001 to 0.003 in., are required for the transverse direction.

2. Fiber Selection

As discussed in paragraph 1, the fiber stock material selected
for the core must have high shear strength and shear modulus while the
fiber stock material selected for the face sheet must have high tensile
modulus. The face sheet material must be capable of ‘achieving less than
0.003 in. per ply while the core material must be less than 0.002 in.

per ply.

A study was performed to evaluate available prepreg forms
including random mat, unidirectional mat, woven cloth, and unidirectional
fiber. The evaluation included cost and mechanical properties, but was
primarily based upon thickness., The results presented in Table III show
that the only one of these capable of achieving the desired thickness
was unidirectional fiber, and that unidirectional fiber also gives
superior properties, The cost to achieve the thickness is high, however,
and, if it were not for the low weight at a small cell size requirement,
the more conventional thickness would be more desirable.



TABLE 11l

COMPARISON OF AVAILABLE GRAPHITE FIBER PREPREG FORMS

Minimum
Thickness Approximate
- Per Ply Modulus* Strength* Cost/1lb**
Material (in.) (psi ¥ 106) (psi x 103) (%)
Random mat 0.005 12.0 35.0 180
Oriented mat 0.005 15.6 53.0 180 -
Woven cloth 0.006 8.0 60.0 145
Unidirectional 0.005 20.0 180.0 130
Unidirectional 0.0016 16.0 130.0 450
*
High strength fiber
*k
Based upon $150/1b fiber cost

There were three distinct fiber types considered: High strength,
high modulus, and an intermediate strength and modulus fiber. To meet
the thickness requirement, the fiber had to either be available in
0.002 in. thickness or be amenable to spreading to such a thickness. Listed
in Table IV are the fibers considered. Thornel 400 was not available at the
time of fiber selection. Clearly, only Morganite and Courtaulds fibers
have demonstrated thickness/ply values in the range required.

Composite properties obtained with these fibers in epoxy
matrices are presented in Table V., Properties given were obtained from
the literature., Consistently higher tensile and shear strengths are
given by the HT-S and Morganite II fibers while the highest modulii are
found with Thornel 755 and GY-70 followed by Morganite I, HM-S, HMG-50,
Fortafil 5 and Thornel 50 grouped together,

Hercules chose the HM-S material for the face sheet material
based upon its high modulus and demonstrated thin gauge capability.
Neither the GY-70 nor the Thornel 75S could be processed to produce ply
thicknesses less than 5 and 7 mils, respectively. The HT-S fiber was
selected for the core material based upon its high shear strength and
demonstrated thin ply capability. Morganite I and II are also acceptable
materials and have been treated as equivalent to HM-S and HT-S, respectively,
by several companies. ILower cost and processing familiarity with the
Courtaulds fibers further dictated their use.

10
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3. Matrix Selection

Matrix evaluation encompassed literature review, the manufactur-
ing of prepregs and plates, and testing for composite properties.

The evaluation was made on the basis of mechanical properties
(flexural strength and modulus and interlaminar shear), void content,
processing variables (handling of resin, preparation of prepreg, and
fabrication of composite structure), and cost., The handling of resin
was further divided into (1) the uniformity of the resin film or the
ease of applying a uniform liquid resin coat, and (2) the necessity
of modifying the resins either by solvent dilution or by adding chemicals
to give the resin films tack. Prepreg preparation included B-staging
time and temperature, ease of solvent removal, tack and drape. The
following procedures were included under composite structure fabrica-
tion: Precure treatment, cure conditions (time, temperature, and °
pressure), and postcure schedule,

a. Literature Review

Since 1968, Hercules has had a continuing company-funded
program in the use of high temperature resins with graphite fibers.
Extensive literature surveys and screening tests of potentially useful
resin systems have developed a comprehensive background in polyimide -
chemistry and a general knowledge of the suitability of commercially
available resins. Tables VI and VII summarize some of the resin data
compiled through early 1971. The five general classes of commercially
available resins considered in these tables are polyimides (PI),
polybenzimidazoles (PBI), polysulfones, polyamideimide, and polyquinoxalines.
Numerous other classes of resins currently generating considerable
interest including pyrrones, poly-as-triazines, polyimidazoquinazolines,
and polyquinazolotriazoles were not considered to be far enough along
in their stage of development to be considered for this program.

1) Polybenzimidazoles

Although polybenzimidazoles offer good initial
strengths and very good high temperature strength retention for short
times, long exposure (100 hours and up) at elevated temperature (500o F
and up) in air causes rapid polymer degradation., Resin weight losses
of 50 percent in glass laminates after 50 hours exposure at 700 F

13



£9ouUa1939y JO 3ISTT 03 1939y

L usnoxpa ¢

sd1ag 31893 ul saanliel 11V
*

(u=a13 3jou
swry pue dwaj (ujw g7-01 103
238 pawaaIUT) 818d Q¢-€Z *mo.— X 1°%01 0ss
88q |sa3eas UT 0GE|‘,06T-00E1 3® II 0upoy
PUON wnnowvp 031 pa1wol| poadedwodsid . mo~ X $°86T hne a31ydeas mu.ﬁwécu
sd
1y v| 09 Tsd Qo€ | urm O | 00%
pazruiado 3ou ay 9| 009 00% - ooﬂ x gl mo.— X L°te 009
81245 2any °9and 3sod ay 4 00s d08 | 1wy WH §9Tn2a3H €0L
Buranp pa1slstlq Taued 1y 4| 00%{ 3I°83UO)| 09-0% | -°Ad 1 1T} ose og LIV AN 4 ms x 18 LL a3yydsay ..m.:?\H: puoqdys
g 299
‘ay z| -zLs -
ay 91| zis| ¥sd 006| wrm g1 | 2LS 01 X £°42 0T X 6°26 009
aino Ased’ A19ArIBIey F419 utw 9 € WH S89TNoIsH
-goy3aadoad 431y poop 1y ¢ | -gog | 3vwwod| ¢z-02 | LS g ¢ T6E gl X 7782 0T * Tr621 L 231yde1d wqﬁ\um €1-%0
ay 1| 0se
18d 00§ ay g | 00S .
1sd 00¢ iy z | 005} 14 ¢°0 | o0ce oOH X 21T no~ L AXA> 009
aq 4| o0s9| ¥sd oos| 2y z | o00¥ WH saTnoaay
@an> wnwiado 0N g b 009 (| 3I2LIUG)| upw I | O0% iy 1| o8l wg X 6°€C mo._ X G°0% LL a17yde1n mﬁz\uz L0L% uIT®ILd
01 % 68 009
¢ 06§-12ua0yy
uoTIBWIOJUT 2IND ON wOA X 641 mo~ X 17401 i sa1ydeas
moﬁ X £°101 009 11 @37uwsion
uojjvwWIOIUT BAND ON oo.H X g£°61 mo.— X 6°192 13 931ydB1y wdﬁ<
wo~ x 91 mo,ﬁ x 8L 009
05 -0WH
. uolleuIojuU} 9INd ON oo~ X 61 moﬁ X 821 Id °311ydBID mou:mucoz
sa11d €1
ouoN | ¥8d g0z | urm 09 009 9 Tx9¢ - ¥%¢ moH X 66 - 68 LY 4181 - s5BID m:FH
(pa3eas
Jou aingsaxd pue 2wWll 0T X €1 01 X 002 009
“2anssaad 3v 0085 usyl) 9 € @37uslaon
JUoN 0| urm %, QGG urw og | 0ST wo~ X 02 mo.— X 092 LL aarydey q:mk
¥sd gog Iy T | 009} 34 91 | 00€ 03 X 8°1C mo~ X L°0€1 009 | 2T43 980°0
uay3 WH S9TnoasH
aaoqe s® Bweg | ouoN | T1sd 00€ g T} 0SS} utw Of [ 0ST Q0T X ¥ 1T (0T * £°801 ' L satydern
154 00g iy ¢ | 009 24 91| 00¢€ oS X ze mS X 011 009
uayl IH saTn21sH
dA0QE 8B Swesg suoN | 1sd 00g a4 T | 06S| urw og | OST mo.n X €2 moH * 622 LeL 231YdeIn
1sd 00€ Iy g | 009| T4 91 ( 00¢ og X g7 - €2 01 X 66 - 99 009
pasn anbiuyoen usy3 WH S31noasy
dnfe1 pue 2and wnwiidg suoN | ¥sd gog 3 1| 0sg| U 0g | 0ST |01 X 82 - €7 (01 X 96T - 8€T L 931ydeas m,:é\Hm Ng1d
$3UDIWOD QWL QOV dInssaigd Eta s AmOV auLy A.wcv snYNpoR ya8uaaag SNINPON y38uaaas Amov 93 BUTWE] 202IN0G ursay
duay, dway, dudg, (1sd) {eanxeia (1sd) a138uUdL dwsy, Ly
I3 3897
2an) 3sod 2124y aan) E3E) o8e1g-g

AIVIWANS VIVA NISHY QIIVATVAT STINDYEH

IA I14VIL

14



§3Ju21939y 3O 36T 03 1939y

6 usnoiys g
1sd
00Z-0¢ 0s¢ ’
os¢ )
wunnoeA 03
sweg Tind Iy Z |estey sueg ooA X 1°¢ - 8°C moﬁ x 09 - 0§ QOM x g mo.a X Hs S/ |3181 - sseld
i
X M X
— QL XS°€E 01 ¥ 1y 0ss
oweg | upm QT | G2 ooH X 6'¢ - 2°€ mo.— X 6L - 0L oo.~ X G°¢ mo_” X 961 SL |418T - sseld moooz<
g | 009 ved
(uysex sanjeaadwsl ay z | oss 002T-00S ( urw o€ | 009
e3wfpewtajul) Ppazpwrido iy g | 00§ 009 0T X 2°6 no.H X112 009
jou 212£> @an) *8sn 03 ay z | osy ugu | 3Oy 9 IH sonoady
ITNOTIFTP ‘snodsta L19p Y g | 00% | 3I°®3UC) -7 | -®ad | uTWw Qg | 00€ coﬂ x 1°21 mo~ X 8°¢E LL 23tyde1n mqﬁ\Hm LETT-IV
aaoqe
UTBIUTEH g 1| 0S¢e
Iy 4 | 069 | o0$T 2%
aq 4 | oo9 | ¥sd 001 0se mo~ x [ 069 | APTY3 ST1°0
aq % [ 00§ £1ddy o3 dn 00¢ sa11d 71
14 ¢ 0% wonoseA 3834 -062 moﬁ X 6L - 69 S. |318T - SSBID
d
1q 4 | 089 ¥sd 06¢| utw og | 00
iy % { 009 00% | Pe3IBIE ot x 29 009 | 2742 SZ1°0
1y % 00S 298 | 3E3Y [ury 00¢ € . s917d 2T
N iy % § 00% tsd 6z] 09-0% ) -91d ON | -0S2Z moH X 6L - 1L GL |3181 - sseID mS:mmcoz
ooH x 91 mg X 99 009
06 -DWH
UOTIBULIO JUT 2InD ON woﬂ x {1 mo~ X 901 2| s3tydean oS:ua..Ez
uaAll 11 IowpolR
UOTIBWIOIUT BIND ON mOH X (1 mS X 191 ocﬁ X 61 mo." x g1 i @3tydean ANBITTYM
(uaa18 30U
swiy pue dwd] |urw ¢1-0T 103
818d g/ |e3eTpowasiur) 8ysd ¢z-61
+ 3vq|saBeas ut 0gE | 061~ 0€1 3® II 10Wpo (3uod) £oL
wnnIvp 03 pa3B3H vmuummEoowuk coA x 0761 MOH X Z°6/1 Iy EERUCLES] thmi‘—ou puoqAys
sjusumo) Wl AhOV |angsaag £l h Amov awyl A,.NOV SNINPOR yaduails sNINpOH yiguaalg Amov 93BUTWE] 20anog uysdy
dway dmag, duag dway, eled
(7sd) Teanxayrg (1sd) s11susg 18]
2an) 13sod 313£p 8an) a124p °883g-g

XIVWWIS VIVA NISHY QIIVATIVAE SIINDYIH

(3uod) IA FIGVL

15



§90Ua18I3Y JO I8FT 03 1933y

£1 y8Snoays o1

saanyiey dfag8 1so3 .:<.<.

ay gl 00L
Iy %1 059
1y z| 009 | ¥ed oot
iy z| 066 |+ wnnoey iy z) 0se °66 T'16T| 0s9
ay 1| oos | ¥8d 001 9 991 009
Iy 1| 0S% [+ wnnosp . 092 6°281 6°091| 00S SIH
g 1| 00% wnnoeA futw Qgl  09¢ 6°L02 TELT| SL spIne3Inoy
y 1| 0S¢ wnnowp jutw gl SLT S 861 oze sarydeas mﬂnﬂgcoo
i 009
Iy 7| 0SS .
4 g 005 '
m §°Z| 0sy 000°00T|{ 009 S1H
q z| ooy spIne3anod
ay g 0S€E JA0QE SB MBS | DAOQR §¥ dWBG woﬂ x 2¢ 000°96 Jy @37ydean \.u«u.acoo
8eq unnoBA 03 #000°£21| 0SS
uorayppe ur 81sd G/
DUON U&ﬂdunﬂ da0qQE £9 wes aa0qe s¥ sweg WOA X 12 OOM.N@A 14
(uaa1d | utw ¢1-01 203
jou dwaj pue SWf3 P3wEpewIdIuI) 81edog/-sz %009‘16 [ o0ss
8eq pa883Ig | [0ST-o0€T 3® 11 J0wpoy
suoN | wnnoep 0S¢ | porowdwodaig wS X 0Z 007951 Id 231ydBan N.:_:Een_
60L 60L 000°92 00L
e se ¥€29-54
ameg sueg po3e3s JoN 000°8% St SuBg N,_Ou:mmao: puoqis
oBA +
¥sd 001 | urw 0g| 0S€
) os¢
84 *ur prw xad 03
- - z|ost®
i 23 R I e 000°02 00z
iy z| 0$9 [ 24 AOTYI G2T1°0
Iy g | 0ss rra xad o3 00099 so11d 21 60L
I Z| 0SY I8H ur S €-,T[3SFRL [ pAITIS JoN - 00§°19| Sy (a181 - €SEID | . o3uwsuol puoqls
oo._ X 9°91 008°€T1 009 0§ T3uUI0Yy]
008 €11 Id aar1ydway NA‘E.?
. ¥sd Qo1 | urw 0g| oOSE
[ 000°Z¢ - 22 004
8H -ut o3
ouey 6¢-ST | uTw 0€|2sT¥Y sweg 005‘¢€8 - 9¢ 00€°0S | S¢
00L
ayq % [TeuTd
310Ut
daas oSY
yoea £q
1q z| our | 1sd 05z | urw 0g| 009 00009 - S¥ 00L
009 | %9143 62170
¥sd utw] 383y | PPIBIS | QOF sot1d Z1 00L
iy zj 6t §7-01 k"z-¢"1f -21d IoN| -0SZ 000°68 - SL ooﬁ X Z1'€ 000°LS | ¢ [R18T - 65°IH 23:3:0: puoqLls
s3uUswLO) - aull AmOV 2anssaad |WLl COV QW] EOV sNTNpol yi8uaxlg snTNpoW yasusaag AmOV 93 PUTWE] asanog u}sdy
dt d
dmog, dual L (§5d) 1eanxaid (¥8d) a178uaL uw_ww BieQ
21In) 3804 3124) @an) a124p o8¥3is-q

AAVAWOS VIVA XAIANNS HINIVIALI'T

S IIA TGV

16



o

§95Ud32333Y JO 38T 03 13IdY

L1 y3noayy 1

E A
usyl 00L 05y
nIyy saoqe ura g1 o3 II xowpoy
se awes| t1sd 0gZ PIOH |3®oH ay 1| 99z g1 * §°61 001221 Iy s31ydean
iy g { 00L
Y 41 0sL
Y v | 00L
g % 0s9
Y | 009
iy g | 0sS
Pajou 3InTTEy 1y 01 00s|{ ¥8d 00z ay i S9L wo.n X 4497 00919 00L sa11d ¥
o13se7dowadyy swog g % | 0s% . SIH ¥66-4V
*uaBo13Tu Ul paind ay v | ooy} 7¥sd ooz jurw o1 | os¥ | I 1| 992 Q0L * v9'E 00096 IY 1861 - s8°T1D
wnnorp ayg 1 CLS
wnnoBA Iy % 26¢
434 . 000°082 00091 | o0SE
©3
WlT3 13Y330U0K ouoy| wnnoep | a3y g j3wsH | Iy ¢T1| 861 000°00% 00081 Iy oN Dmﬁmom
Mzt fooss 01 * g'61 008° 6% 009
. iy g 00¢ 9 T OUMEWMHOZ
usgoa3Tu Ul 2and 3sod | Fupang o saoqe s oueg P231838 JoN Q01 * 9°2¢ 008°Z8 HY s3rydeay
i z1 0sL
: ¥sd 0oz aq 4 | 0sL Q0T * T°sT 00L°66 009 s911d 41
1 00¢ LI 23F7uelaon
us8oa3Tu UT 2Ind 3s0d | Burang a| 1sd 00z [umw 01 osy P23E3s JON ooH X 661 009901 Iy EERECLES)
pa3eas so11d £
pazels swil | 0S4 #66~SIH surtex
Puia oN [ 06 18d og ON 1§ -0S% pa31®3s 0N on X L1°E mo~ X 6901 wo.n x 9°¢ mo.H X H°1L €Ly 1861 888D wHuwv_nuuan.s -ournbAjog
¥sd 000°02 suo0y
‘o§2L ‘peprow uoy3defur -1nskievdiod
+guswyoads paploR 002 L1 000°€T | S¢ oN cHE | 09¢ TP13SY
y g-% 009 pajels
4 ¢-% | 085S Jou
4 g% | 00§|°aB1303NY Iy z | 0se Q0T * L0'€ 006°SS 00§
14 ¢-2 | os%
1y g-2 | 00% wnnoep fatw Of | 042 p2a®3s JON wo~ X 69°¢ 002 6L woa X4 00€£°09 1Y |4181 - SS®1) 3.—033: WL14
11 237uB3I0R
ooﬂ x g°e1 0001041 ir:s aatydean
01 X Z2°61 000°621 00S
2 1 @37uesaoy
on X 9707 000 %01 fiR:s 231ydean
01 X £°12 000° 201 00§ XH
9 spinERIINOD
oOH X 612 000°¢6 fin:e 233ydeas 9 394 uowan
s3UduI0) awy], Amov 2anssaid swil Amov JWLE (do) SNINPOK y33uaa3lsg SNINPOR Yyjy8uaz3sg Qov IjeUTWE] 20an0§ uysey
dwsg dudg duag, (1sd) feanwold (18d) atrsusy duay, ©38q
389]
?any 3sod 9124p ean) a194) @8eas-g

XIVWRAS VIVA AFANAS FUNIVIIIIT

(3u0)d) IIA FIIVL

17



§90U21233Y JO ISIT 03 19F9
394 3O ISYT 03 193 mNN ySnoays g1

ay z | 009 ¥sd 001 |z | 0sE . 000°€0T - 8°6Z [1]19 Auedwo)
y z | oos 41ddy|oa 3weH | 0ST 11 @3tuwdion 330I01TY €0L
a4 z | oo unnoep aq 1.1 002 000°681 - SOT s aatydean NN:m_anu: puoqiys
ay g 004
g 008 ooH X 9°¢ 000°LS 03 X 6°¢€ 00029 | 009
1y 7 | 054
ay 4z | ooL| ¥sd 00z a4 € | 004 on L AS 00098 ooﬁ X gy 000°LL [ 00§
e ul a9 ¢ TBURF udYl | Iy %2 | 059 °3 %66-SIH ajozeprm
‘uaBoa3Tu UT 008-009 | A4 vz | 009| 3o®IVOD 05z po3e3s JON Q0T X €S 000° 60T Q01 X T'S 000°98 I¥|18ST - SSBID | 309LIIFUM -Tzuaqhrog
paurjep ouu:w.—u_om
4 00§ #0139 03 pIITuTT £1aea1o j0u §3T24D 21n) QL X T'% 000°8L 000° 6% 149181 - sseld -auoyy | 109 PTWEIASN
01 X 62 000° 18 00§
. wnnoeA 9 I 237uedioN SOUTZRTIISE
4,005 #0139 03 pIIFWE] ay z | oss| ¥sd ooz ay 1| 0ss ut 0S€ woﬁ * 7¢ 000°S8 Id a31ydeay m.ﬁwc.ﬂwom -14uoyd£1od
‘ g 1 | seEY 901 X
auoy g g} <19 1 ) sse 0°1 - 9°¢ 00022 - ST 24 oN wﬂ<w¢z suo114g
000°0%2 000°2T | 0SE
000°00€ 000°¢1 Id oN Swﬁ a0g
n\vo._” X 86°0 081°8 00L
01 X €£°¢ 050°s€ i 009 sa11d ¢
? . %66 SIH surexournb
bdd 19y3asrd 008 polels 10N po3wvi1s 10N 03 X [6°€ 00€°81T I9}186T - 88®IH Eu.&uuins -T4uayd£10d4
sjudumuo) swpl [(d,)| danssaad| SWRL (4,) | 2w [(4)) SNInpoR 438usa3s snnpoy q3aguaa3s (4,) o3BUTWET @01n0§ ursoy
dudy, dusg duwsg (¥sd) 1sanxaid (15d) o1FsUSL a_“MH BIBd
@an) 3504 224D ?an) 9124p =8e3is-g IsalL

XIVAHNS VIVA AZA¥NS JINLVIALIT

(3u0)) IIA TIAVL

18



have been reported. 23 Also, PBI processing is difficult, requiring

long postcure cycles in nitrogen or vacuum at temperatures up to 800 F.
Volatile removal during cure is particularly difficult and leaves the

. resin matrix somewhat porous. This porosity is part of the reason for
the PBI's poor performance with long, high temperature exposure,
Increasing cure pressure to prevent porosity is not a solution to the
problem since the trapped volatiles disturb the equilibrium reaction
which results in lower molecular weight polymer and poorer performance.
Incorporation of antioxidants in the resin or sealing the laminate with
other resins improve the high temperature performance but do not correct
the fundamental weakness of the material. For these reasons, PBI is
not generally considered as a desirable laminating resin in the

© industry at present and was dropped from consideration.

2) Polyquinoxalines

Whittaker Research and Development has been working
on polyquinoxalines (PQ) and polyphenylquinoxalines (PPQ) 16 and is
marketing polymer solutions in pilot quantities at approximately -$750
per gallon. The quinoxalines are storable at room temperature, stable
to oxidation to 700° F, laminates retain 95 percent of room temperature
strength at 600° F and 62 percent at 700° F (based on preliminary data17)
and have better physical properties than P13N which appears to be the
strongest polyimide evaluated to date. Their major disadvantages
(besides cost) are low solubility and the requirement for carefully con-~
trolled cure at high pressures and temperatures up to 750° F. The PPQ
shows greater solubility and easier processing that the PQ; however,
this material is not as far along in its development as the PQ. Both
the PQ and PPQ typically show some thermoplastic failure behavior when
tested to failure. Carefully prepared samples, however, in which all
solvent has been removed do not show this behavior. Although these
matrices show promise, the cost was prohibitive; and both PQ and PPQ
were dropped from consideration.

£

3) Pyrrones

The pyrrones are being evaluated by several investi-
gators on a laboratory basis, but no one as yet is offering the materials
as salable items. These materials (depending on the precursor) can have
a complete ladder structure and are stable in air at 750 to 800° F.
Reported values of tensile strength, elongation, and Young's modulus are
in the range of 15,000 to 22,000 psi, 3 to 7 percent, and 600,000 to
1,000,000 psi, respectively.24 These are film property values; no
laminate data is currently available. Disadvantages of the material are:
Low solubility, sensitive cure cycle, and availability.

23’24Re'fer to List of References
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4) Resin Candidate Selection

As a result of the literature survey, polyimide
resins were judged to be the more reliable resin system for use in the
program from the standpoint of cost, availability, processibility, and
experience., Three of the polyimide systems were selected for further.
screening tests, TRW's P13N, Hexcel's F174, and Monstanto's RS6234. -
P13N was selected because of its excellent high temperature stability
and low void processing; F174, a modified Monsanto Skybond 709, was
selected since it is being used by Hexcel in glass polyimide core at
the present time. RS6234 was selected since it has been selected for
characterization by General Dynamics/Convair for space shuttle appllca-
tions under NASA Contract NAS 8-26198.

P13N is basically a polyamic acid solution of low
molecular weight with the polymer chain terminated by reactive end
groups (nadic anhydride is used) which can further react at high tempera-
tures by an addition mechanism to form high molecular weight crosslinked
polymers without evolution of volatile material. The polyimide ring is
formed at temperatures much below the cure temperature under conditions
which permit easy removal of the water formed. Very low void composites
can be made with this resin system. ' :

Monsanto's resin variations are solutions of monomers.
Because the resin solution is made up of monomeric reactants, the pre-
cursor polyamic acid must be formed during resin cure. With the entire
reaction performed during cure, these resin systems are somewhat more
sensitive to cure variations and require more stringent control of the

-cure cycle.

b. Screening Test Results

Prepregs were fabricated with all three resin candidates
using the same spool of HT-S fiber (2CT 10A/26AR). The.tow was spread
to 1.0 in. width and wound onto a drum (10-ft circumference, 40 in.
wide) at 3.5 tows/in. to produce prepreg that would mold to 0.005 in./ply.
Resin was metered onto the release film just ahead of the fiber by a low
pressure pump. All three materials were staged on the drum for 1 hour
at 77 F. The prepregs of RS6234 and F174 were low in resin content
and had poor resin penetration of the fiber tow. The P13N prepreg
was within expected values., The prepreg values are summarized in
Table VIII.
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TABLE VIII

INITIAL PREPREG FABRICATION DATA

Resin Volatiles o
Resin Content Content B-Stage 4 N
RS6234 32,7 | -~ 22.4 1 hr at 77° F
F174 3.1 24,11 1 hr at 77° F
PI3N 42.8 27.1 1% hr at 77° F |

Fifteen ply, 4 by 5 in. plates were fabricated from each
material using vendor recommended cure cycles for F174 and RS6234 and
Hercules developed imidization and cure cycle for P13N as follows:

P13N
Imidization:
(1) Place each ply separately between two wire
screens and arrange in oven
(2) Heat to 150° F for 1 hr
(3) Raise temperature to 300° F and hold for 16 hr
Cure: |

(1) Preheat press to 600° F

»(2) Place ply stack in mold and mold in press.
Apply 300 to 1200 psi

(3) Establish part temperature at 550° F and hold
for 1 hr

(4) Raise temperature to 600° F and hold for 3 hr
Hexcel Fl174
Cure:

(1) Raise temperature to 350° F at 2° F per minute
under vacuum :

(2) Apply 100 psi after reaching 350° F

(3) Hold 2 hr at 350° F
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Post Cure:
(1) 1/2 hr at 350° F
(2) 1/2 hr at 400° F
(3) 1/2 hr at 450° F
(4) 1/2 hr at 500° F
(5) 2 hr at 550° F
(6) 2 hr at 600° F
(7) 2 hr at 650° F

RS 6234

Cure:

(1) Bag and pull a partial vacuum

(2) Heat to 350° F at 3° F per minute, pulling a
full vacuum after 60 minutes

(3) Apply 100 psi after reaching 350° F
(4) Hold 2 hours at 350° F

Poét Cure: |
(1) 1/2 hr at 350° F

.~ w(2) 1/2 hr at 400° F
(3)‘ 1/2 hr at 450° F
(4) 1/2 hr at 500° F
(5 2 hr at 550° F
(6) 2 hr at 600° F

(7) 2 hr at 650° F

22



The resulting plate with P13N had good visual appearance.
The Fl174 plate was thick and dry in appearance, while the RS6234 plate
was well compacted but light brown in color. Samples for flexure and
shear tests were cut from the plates. The properties are summarized in
Table IX. ‘ :

The low resin contents of the F174 and RS6234 resulted
from the low resin content prepreg and poor resin penetration of the
tow. Two additional prepreg batches of both F174 and RS6234 were manu-
factured. One batch was manufactured at 5 tows/in. (0.008 in./ply)
and the other at 0.76 tow/in. (<0.002 in./ply). The resins were diluted
to a viscosity of 300 cps with Ethanol, one-half of the required resin
was sprayed onto the release film prior to fiber winding and one-half
onto the fiber after winding. All prepregs contained between 40 and 45
percent resin content with 15 to 20 percent volatiles. Staging was
performed in a press at 200° F and 200 psi for 5 min. A series of
plates was fabricated from both thicknesses of prepreg as described in’
Table X. The cure cycles follow:

RS6234

Cure:
(1) Bag and pull vacuum
(2) Heat to 175° F and hold 1/2 hr
(3) Heat to 250° F and hold 1/2 hr
(4) Apply 100 psi
(5) Raise to 350° F and hold 1 hr
Post Cure:
(1) 2 hr at 400" F
(2) 2 hr at 450" F
(3) 2 hr at 500" F
(4) 2 hr at 550 F
(5) 2 hr at 600° F

(6) 2 hr at 650 F
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TABLE IX

INITIAL COMPOSITE PLATE DATA RESIN SCREENING

Property HT~-S/P13N HT-S/6234 HT~S/F174
Flexural Strength (psi)
70° F 174,430 100,325 102,360
600° F 128,007 114,360 79,124
Flekural Modulus (psi x 106) |
77° F 14.02 17.0 13.8
600° F 13.92 20.0 17.7
Interlaminar Shear (psi)
77° F 13,955 6,650 --
600° F 6,772 4,646 --
Resin Content (Wt %) 42.7 23.8 29.0
Density (1b/in.3) 1.55 1.411 1.45
F174
Cufe:
(1) Bag gnd pull vacuum
_(2) Heat to 270° F and hold 1/2 hr
(3) Raise to 3500 F and apply 100 psi
(4) Hold 350° F for 2 hr
Post Cure:
N (1) 2 hr at 400° F
(2) 2 hr at 450° F
i (3) 2 hr at 500° F
(4) 2 hr at 550° F
(5) 2 hr at 600° F

(6)
o

2 hr at 650" F
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Plate quality was in general better for RS6234 although
both resins yielded some plates that were poorly consolidated.

Flexure tests (4 pt at 32/1 span to thickness) and inter-
laminar shear tests (short beam at 4/1 span to thickness) were run at
temperatures from -150 to 600° F after 30 min exposures on the better
plates. Table XI summarizes the results. The results clearly show (Tables
X and XI) that RS6234 gives better strengths than F174 at 600° F and
somewhat lower void contents.

Of the three resins evaluated, P13N gave higher properties
at both room temperature and 600° F; however, the system has several
disadvantages in converting over to core fabrication. The fully imidized
material is very dry and fragile, and is difficult to transfer to a
corrugated mold without incurring damage, particularly in handling thin
gauges. Thus, imidization should be done in the corrugated mold. A
16-hour imidization cycle for each sheet in a matched metal mold would
be extremely expensive. Pl3N was, therefore, considered as a backup
to RS6234, and the latter resin chosen for fabrication of the first core
in the program. S

4, Core to Skin Bonding

The adhesive system and the bonding techniques utilized to
bond facings to honeycomb core are critical with very low density core
for high temperature applications. It is undesirable to eliminate weight
from the core and facings only to reintroduce it later with unnecessary
adhesive., Thus, the development of an effective '"cell edge' adhesive
bonding system was indicated. To be considered as a bonding adhesive
for the purpose of this program, the resin must be available as a spread-
able fluid as opposed to a solid or a supported fiber, Further, the
fluid must form a stable film which does not bead when applied at ambient
temperature to a graphite/polyimide surface.

The candidate bonding adhesives were evaluated according to the
following criteria:

(a) The cured bond must show satisfactory filleting.
(b) The resin mus & be curable at a temperature not
exceeding 600 F, and at a minimum pressure to

prevent damage to the face plate or core.

(¢) The volatile by-products given off during cure must
be minimal.
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o

a. Literature Review

Literature reviewed22’25’26 indicates that polyimide
adhesives in core-to-face sheet flatwise tension can be expected to
exhibit from 400 to 600 psi at room temperature, and 100 psi at 550° F.
FM-34 (film version of BR-34) by Bloomingdale Rubber Division of American
Cyanimide showed the highest strength. - The polyimides were the only
family of adhesives readily available and were generally méeting the -
requirements outlined above. Tables XII, XIII, and XIV, along with
Figure 4, summarize the data leading to this conclusion.

Three polyimide adhesives were selected from the literature
and from vendor data for screening tests. The three adhesives selected
are Bloomingdale's BR-34, Hexcel's HX-971, and the new Hexcel's LR-3050A-1.

b. Screening Test Results

Filleting tests have been completed on the three resins.
Process studies yielding optimum fillet formations were completed. These
involved solvent addition to provide more uniform resin distribution
(lower viscosity), pressure drying cycles, and cure studies.

Each of the three adhesives were found to form satis-
factory fillets with BR-34 having slightly better fillet appearance.
Therefore, each of these will be subjected to face-sheet-to-core bonding
tests in Phase III of the program for final adhesive selection.

25,26

Refer to List of References
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TABLE XTIV

POLYIMIDE ADHESIVE FLATWISE TENSION RESULTS*

Polyimide Flatzlse Tension Strength (psi)
Adhesive @75° F @ 550° F (30 min)
Bloomingdale 640 105
a FM'34
MCAIR SB703 525 94
- (No. 1)
MCAIR SB703 390 --
(No. 2)
WRD SB703 In test : In test

%*
Refer to List of References, Reference 22
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Figure 4. Effect of Temperature on Adhesive Strength
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