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1.0 SUMMARY

This final report describes the program effort performed by Rockwell
International for the NASA/LaRC under Contract NAS1-15371., The objective of
the program was to develop and demonstrate manufacturing technologies for the

structural application of Celion graphite /LARC-160 polyimide composite material.

The program consisted of two parts: Process Develcpment and Fabrication
of Demonstration Components. Process development included establishing
quality assurance of the basic composite material and processing, non-destruc-
tive inspection of fabricated components, developing processes for specific
structural forms, and qualification of processes through mechanical testing.
In the second part of the program, demonstration components were fabricated
using the processes developed in part one. The demonstration components
consisted of flat laminates, skin/stringer panels, honeycomb panels, chopped
fiber compression moldings, and a Technology Demonstrator Segment (TDS)
representative of the Space Shuttle aft body flap. The TDS, initially
intended to be only a display article, was later directed in the program to
a testable component. TDS test results will be reported in a separate final

report,






2,0 INTRODUCTION

This program was conducted for the NASA Langley Research Center, Mater-
1als Division, Materials Application Branch under NASA contract NAS1-15371,
Mr, Robert M. Baucom was the NASA Program Manager. Mr. Roger Frost of the
Advanced Manufacturing Technology Department of Rockwell International, Downey,
California was responsible for program management and technical direction.
Ackprowledgement is made for the technical assistance provided during the pro-

gram by the following Rockwell personnel:

B. D. Bhombal C., L. Hamermesh J. D, Leahy

I, Bouton P, J. Hodgetts W. H. Morita
R. J. Demonet K. C. Hong M. A. Morrow
P, J. Dynes D. W, Houston F. Roje

H. E. Flanery J. S. Jones D, H. Wykes

S. R, Graves C., C., Kammerer

The 1initial objective of this program was to develop and demonstrate
manufacturing technologies for structural application of Celion graphite/
LARC-160 polyimide composite materials. Later this was expanded by contract
modification to include mechanical ground testing of a Technology Demonstrator
Segment (TDS), a three-bay test article representative of the Space Shuttle
aft body flap,

This final report presents the accomplishments and results of the original
contract requirements with regard to manufacturing technclogies. Mechanical

ground testing of the TDS will be documented in a subsequent report,

The manufacturing technclogies phase of the program was divided into two
parts, process development and the fabrication of demonstration components,

each consisting of several tasks, The following briefly describes the objec—

tive,



Part 1. Process Development

Task (a) - Develop a quality assurance program including specification
for Celion/LARC~160 polyimide materials, quality control of materials and
processes, including studies of the effects of monomer and/or polymer vari-
ables and prepreg variables on the processibility of Celion/LARC-160 prepreg
and on the mechanical properties of test specimens fabricated from the prepreg,

and NDI of fabricated components.

Task (b) - Develop processes for fabricating laminates, hat and "I"

stiffeners, honeycomb core panels, and chopped fiber moldings.

Task (c) - Fabricate specimens and conduct tests to qualify the processes

for fabrication of demonstration components,

Part 2. Demonstration Components

Task (d) - Fabricate and NDI three (3) laminates 61x22-cm (24x48-1n.)
with 0°, * 45° lay up symmetrical about the neutral axis. Laminate thickness

to be 0,08-cm, 0,15-cm, and 0.32-cm (0,030 in., 0,060 in,, and 0.125 in,).

Task (e) - Fabricate and NDI three (3) secondarily bonded hat-stiffened
skin-stringer panels 23-cm (9 in.) wide x 122~cm (48 in.) long with three

lengthwise stiffeners.

Task (f) - Fabricate six (6) honeycomb core panels 25,4x24,5~cm (10x10-
in.) having 0.15-cm (0,060 in,) thick face sheets with 0°, 90° layup symmet-
rical about the neutral axis of the panel and 2,54~cm (1 in,) thick honeycomb

core,

Task (g) — Fabricate six (6) chopped fiber moldings according to a
specimen design mutually agreeable to Contractor and Contracting Officer’s

technical representative,

Task (h) - Fabricate a representative component of a Space Shuttle aft
body flap that is mutually agreeable to the Contractor and Contracting

Officer's technical representative,

Each of the above tasks is documented separately in the main body of this

final report.



Use of commercial products or names of manufacturers in this report
does not constitute official endorsement of such products or manufacturers,
either expressed or implied, by the National Aeronautics and Space Admin-

istration,
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3.0 PROCESS DEVELOPMENT

TASK (a) = QUALITY ASSURANCE

Selection of Prepreg Supply Source

On initiating the program, a survey of seven potential prepreg
suppliers was conducted to determine their ability for providing
Celion/LARC-160 prepreg materials to support the objectives of the
contract, Each was evaluated by questionaire, Appendix Al.
Following screening of returned questionaires, an on-site in-
spection of supplier prepreg facilities was made by a Rockwell
survey team, The objectives of the survey were to determine the
potential supplier's level of quality control procedures and
record keeping, the type and adequacy of analytical test equipment,
specific personnel capabilities, and their indicated cooperation
and willingness to work with Rockwell to achieve reproducible
prepreg material. Each was requested to provide samples of Celion/
LARC-160 prepreg tape for evaluation., Four of the seven suppliers

responded to this request,

The prepreg samples were subjected to physical tests to deter-
mine percent of volatiles, resin solids content, fiber areal weight,
and calculated thickness per ply. Visual examinations were per-
formed to evaluate fiber collimation, gaps/edge waviness, tack and
drape. Three suppliers, one primary and two backup, were selected

to provide Celion/LARC-160 prepreg for the program,

Material Specification

All prepreg material used for this program was ordered against
the requirements shown in Appendix A2 included as a flysheet attach-
ment with each purchase order. Test conditions and calculations
imposed by item 5 of the flysheet were defined by document LTR 2433-
4462 which is presented in Appendix A3. In addition, prepreg

acceptability for program production use was based on chemical



analysis of the intermediate ester and neat resin used to ensure
prepreg batch-to-batch repeatability. Each prepreg batch was
subjected to physical and mechanical testing before being used for

program requirements.

From this program activity and also that conducted against
NASA/LaRC contract NAS1~15183, Graphite/Polyimide Design and Fab-
rication, Rockwell material Specification MB0130-152, Graphite/
Polyimide Resin Prepreg - 600°F Applications was developed and is
presented in Appendix Bl, This specification includes both LARC-160
and PMR-15 resin impregnated graphite material systems and will be

invoked when procuring these materials for production use.

Process Specification

Rockwell Process Specification MAQ0105-328, Fabrication of 600°F
Polyimide Graphite made from Norborene Terminated Methylene Di or
Larger Analine Benzophenonetetracarboxylic Base Resin, is presented
in Appendix B2, This specification presents the improved processing
technique developed for both LARC-160 (Contract NAS1-15371) and
PMR-15 (Contract NAS1-15183). While this specification describes
processing for flat laminates, using perforated metal caul plates,
the staging and curing procedures are directly applicable to complex
structural shapes and were used in fabricating detail elements of
the Technology Demonstrator Segment required by Task (h) of the

program,

Nondestructive Inspection Techniques

Ultrasonic C-scan was the primary nondestructive inspection
(NDI) technique utilized throughout this program to detect

porosity, voids and debonds in laminates and bonded structures,

C-scan sensitivity is one of the most important variables that
must be considered in the quality assessment of laminates and bond-
ed structures., To optimize calibration sensitivity, comparative
reference standards having internal defects of known type and size
were fabricated and used for sensitivity settings. At the beginning

of the NASA Graphite/Polyimide Design and Fabrication Contract



(NAS1-15183), personnel at LaRC and Rockwell shared sample
specimens of graphite/polyimide laminates having known defects.
Ultrasonic C-scans and destructive correlative tests were made
followed by the selection of an "A" sensitivity agreed to by both
LaRC and Rockwell personnel. Therefore, "A" sensitivity has been
used for ultrasonic C-scan inspection of products produced under
this program with only minor exceptions as will be noted in

appropriate sections of the test.

Solid laminate structures were C-scanned in the NDI laboratory
by engineering personnel, Sandwich structures, however, were C~
scanned in the production facility. The specification governing

production C-scan procedure is presented in Appendix B3.

3.1.5 Chemical Characterization of LARC-160

The primary goal of this effort was to provide the methodology
for specifying the chemical composition of LARC-160 polyimide resin
materials, Once these analytical procedures were developed their
sensitivity could then be assessed by analysis of a series of
LARC-160 resin materials containing intentional composition and
processing variations. This would thus provide the first step
toward establishment of a chemical quality assurance specification

for LARC-160.

One of the most successful techniques for characterizing com-
posite matrix resins is high pressure liquid chromatography (HPLC).
The objectives of the program were to describe the development of
HPLC methods for characterizing LARC-160 resin and their application
to the analysis of standard and Variables Study (discussed in 3.1.6)

lots of commerical LARC-160 Resin materials.
3.1.5.1 LARC-160 Synthesis and Characterization Plan

A comprehensive characterization plan was devised for
monitoring the chemical composition of LARC-160 at three stages
during its manufacture. The monomeric LARC-160 ingredients and
their idealized polymerization sequence are given in Figure 1.

The three LARC-160 components are BTDE (diethyl ester of 3,3',
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4,4" - benzophenonetetracarboxylic acid); the endcap NE (monoethyl
ester of 5-norbornene-2,3-~dicarboxylic acid); and Jeffamine AP-22,
a liquid polymeric amine mixture containing approximately 857
methylene dianiline isomers with the remaining being mostly higher
molecular weight tri-, tetra-and penta-functional amines. The
commercial preparation of LARC-160 resin is outlined schematically
in Figure 2. 1In the first step, BTDA and NA, the anhydride forms
of BTDE and NE, respectively, are refluxed at 82-99°C (180-210°F)
withalcohol for a total of approximately 60 minutes to give the
BTDE/NE ester mixture. The alcohol used is an industrial mixture
composed of 85.8% ethyl, 9.07 isopropyl, and 4.37 methyl alcohol
with 0.97 methyl isobutyl ketone., The BTIDE/NE ester mixture is a
viscous liquid at room temperature containing several percent of
unreacted alcohol., Neat resin is prepared in the next step by
blending the liquid amine into the BTDE/NE ester mixture at 32°¢
(90°F). After mixing for five minutes, the material is stored in
a freezer. Prepreg is produced in the final step by a proprietary

hot-melt impregnation technique.

The chemical characterization plan called for HPLC analysis to
be carried out subsequent to the BTDE/NE esters, neat resin, and
prepreg stages of LARC-160 production. This approach was expected
to help identify the introduction of chemical variations during
manufacture and permit possible corrective measures to be taken

during production,
Variables Study Materials

Many factors contribute to the consistent performance of an
advanced composite matrix material, In the Variables Study, the
most important LARC-160 formulation and processing variations
were assessed by studying a series of modified resin materials
prepared by the prepreg supplier. The formulation and process
variations incorporated in the intermediate ester batches are
described in Table 1, Several standard production batches from
the same supplier which were analyzed are also identified. Only

five of the intermediate ester Variables Study batches involved
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modifications. Batches 7 through 10 contain + 5% variations in the
standard amounts of BTDA and NA normally used. Batch 13 was given

a six hour reflux compared to the normal 1,75 hour processing time.

The formulation and process variations contained in the neat
resin and prepreg batches is given in Table 2, Batches 1 through
10 contain percentage variations on the formulated weights of
amine and anhydrides normally used to prepreg LARC-160. An extended
resin cook time of two hours at 79°C (175°F) was used in Batch 11,
compared to a normal operation involving about 10 minutes at 60°cC

(140°F).

Two polymeric amine substitutes for Jeffamine AP-22 were
evaluated in Batches 14 and 15. They are Anchamine DL, a product
of Pacific Anchor Chemical Corp., and Tonox-22 from UniRoyal.

Final Batch 16 represents a control material for the Variable Study,
prepared with the standard LARC-160 formulation and under the same
processing conditions as used for the other standard processed

materials for Variables Study.

Resin Batches 1 and 2 in the Variables Study were rejected and
replaced by Batches ]A and 2A, respectively. Original Batches 1
and 2 were rejected due to improper hot melt impregnation procedures.
Although original Batches 1 and 2 of the Variables Study were not
processed 1into prepreg, their chemical composition is included for
comparative purposes. Included as a second part of the Variables
Study was a test of the repeatability of the supplier in producing
three standard batches of LARC~160,

Liquid Chromatography

The development of a liquid chromatographic separation technique
for LARC-160 involved the selection of a type of column absorption
material, an eluting solvent or solvent combination, and a mode of
detecting the eluting components, The most common type of column
packing material was chosen which is the so-called "reverse-phase"
material consisting of octadecyl silane bonded 10um silica spheres.

Reverse-phase separations are nearly always carried out with an

11
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aqueous/organic solvent gradient. The presence of both acidic BTDE

and NE together with basic amine ingredients results in the pH being
a critical factor for good resolution in the separation of LARC-160,
Adequate column retention and resolution in a reverse-phase separa-

tion requires that component species be maintained in their non-

ionic forms by control of pH.

The ionization of carboxylic acid groups on BTDE and NE esters
was suppressed by using a pH = 3.00 KH2P04 buffer in the aqueous
portion of the solvent gradient. This buffer serves not only to
maintain BTDE and NE esters in their neutral forms but also enhances
separation by a complex mechanism believed to be based on differences
in the dissociation constants for various acidic groups present in
BIDE and NE components. The basic amine components are present as
protonated cations under the above acidic solvent conditions and

are therefore poorly resolved,

A key feature of this technique was the adaption of low ultra-
violet wavelength (200 NM) enabling the detection of the NE ester
endcap. This in turn required the use of a solvent which was
transparent at this wavelength. A water/acetonitrile solvent grad-
ient was found to best fulfill all the requirements. Experimental

details of the acidic reverse-phase techniques are given in Table 3.

The analysis of amine components in LARC-160 was made by an
ion~pair HPLC method in which tetrabutyl ammonium phosphate is
added to the aqueous solvent phase. The tetrabutyl ammonium
cations are believed to ion-pair with anionic sample species,
neutralizing their charge and improving retention and separation,
This technique provides good separation of free amine ingredients
in LARC-160, but BTDE and NE ester components are not as well resolved
as with the buffered acidic solvent gradient. The experimental

parameters used in the ion-pair method are given in Table 4.
Ester Analysis

BTDE/NE Ester Mixture

The initial step in LARC-160 synthesis is the co-esterification



of BTDA and NA. The products expected from this process are BTDE
diester and NE monoester as shown in Figure 1, The HPLC separation
of a BIDE/NE ester batch is shown in Figure 3. The complexity of
the ester mixture is the result of several factors. First, the
esterification 1is carried out using an alcohol mixture rather than
pure ethyl alcohol. The major products detected are BIDE and NE
ethyl esters; however, methyl esters are also present as BTDE
monomethyl and BTDE methylethyl mixed esters. Isopropyl alcohol

is apparently much less reactive in that none of its esters have

been detected,

A second factor contributing to the complicated BTIDE/NE ester
composition is the manner in which the BTDE/NE ester mixture is
prepared. In order to minimize the solvent content, only a small
stoichmetric excess of alcohol is used for co-esterification., This
results in a highly viscous reaction medium which tends to inhibit
complete conversion of BTDA to BTDE diester and results in BTIDE
monoester and unreacted BTDA. When a large excess of alcohol is
used in BTDA esterification, only diesters are produced. NA appears
to be a more reactive anhydride than BTDA and is converted to mono-

ester completely during esterification.

The identification of BTDE/NE ester components in Figure 3
was made by comparison with characteristic elution times of refer-
ence materials. A synthetic mixture of these BTDE and NE ester
compounds was prepared by reacting the two anhydrides under con-
ditions that favor the formation of a particular species. The
HPLC separation of this mixture is shown in Figure 4, The isomeric
makeup is that expected from the possible theoretical forms shown
in Figures 5 and 6, except that three rather than four BTDE diester
isomers are observed. The BTDE ortho diester isomer probably does
not occur because of the much greater reactivity of the anhydride
ring compared to the carboxylic acid groups toward esterification,
Endo and exo isomer forms of NE esters were not separated in the
present study. These reference ethyl ester compounds, together with
others prepared from methyl alcohol and methyl/ethyl mixtures, made

13
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possible the identification of the major BTDE/NE ester components.

BTDE/NE mixtures from the Variables Study, as well as several
batches from larger scale standard production runs, were examined
by HPLC. The relative concentration of each ester constituent was
calculated as the peak area percentage of that component relative
to the total area of all the peaks in the chromatogram. Although
original Batches 1| and 2 of the Variables Study were not processed
into prepreg, their chemical composition is included for comparative

purposes,

Neat Resin and Prepreg

The characterization of BIDE and NE esters, ingredients 1in
LARC-160 neat resin and prepreg, was made by the same HPLC method
as that for analyzing BTDE/NE ester mixtures., The separation of a
LARC-160 neat resin batch is shown in Figure 7. BTDE components
and NE ester endcapper are separated, as are a number of resin
intermediate compounds. The relative concentration of each BTDE
and NE ester ingredient in the resin batches was expressed as its
HPLC peak area percentage relative to the total ester peak area of

the chromatogram.

The following is a discussion of the variation in the relative
concentration of BIDE/NE ester components separated by HPLC as

shown in Figure 3,
BTA

One form of the major anhydride ingredient which was detected
in LARC-160 was BTA, the tetra~acid of BTDA. The identification
of this component is complicated by the fact that if BTDA (anhydride)
were present in LARC-160 resins, it would be hydrolyzed immediately
to the tetra-acid form by the aqueous HPLC solvent gradient. It is
therefore impossible to determine by HPLC whether the anhydride or
tetra-acid were present in the resin. Infrared spectra of BTDE/NE
ester mixtures, however, show neither of the strong anhydride
absorption peaks at 1785 and 1860 cm'_1 characteristic of BTIDA (anhy-

dride). This implies that primarily only the tetra-acid occurs in



the LARC-160 materials. The levels of BTA in the intermediate ester
and resin batches examined is shown in Figures 8 and 9. Except for
Batches 15 and 16 of the Variables Study only a small amount of

BTA is detected in the LARC-~160 materials. One significant feature
of these data is that the trend in BTA concentration among the
samples is the same for intermediate ester, neat resin, and prepreg.
This indicates that variations in BTA present at the intermediate
ester stage of production are carried through both resin formulation

and hot-melt prepregging.

The presence of BTA can affect later prepreg processing in
several ways. First, BTA is more acidic than BIDA diester and is
thus more likely to form insoluble salts with amine components added
in the neat resin manufacturing operation., Salt formation has been
reported (Ref. 1) in a similar PMR resin in which the tetra acid,
2,2-bis (3',4'-dicarboxylphenl) hexafluoropropane, and an aromatic
amine were utilized, The presence of organic salts in PMR resin
could introduce compositional variations and prevent proper pre-
pregging. Furthermore, BTA may also be more reactive than BIDE
toward amines in forming polyamide acid which can result in faster
build-up of viscosity during processing. The high concentration of
BTA in Batches 15 and 16 is believed to be the result of hydrolysis
of BTDA by moisture in the air. These two batches were prepared
late in the program using the original lot of BTDA which had been
opened frequently, allowing exposure to moisture. It is not known
for certain whether the excessive levels of BTA are responsible for
the poor physical properties of laminates prepared from Batches 15
and 16 in the Variables Study. Replacement materials for these
batches prepared with fresh BTDA showed only a small trace of BTA

present,

BTDE Monoethyl Ester

Another unexpected form of the basic BTDA ingredient present
is BIDE monoethyl ester. The peak area percentage of the second of
the two isomeric forms (see Figure 5) is plotted in Figures 10 and

11. The concentration trend in this component is also very similar
15
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between the intermediate ester, neat resin, and prepregs. The con-
centration variations are also similar to those observed for BTA.
This is not unexpected because both BTA and BTDE monoester are the
result of incomplete esterification and reaction conditions that
promote BTA formation also favor BTDE monoester. This compound,
which is also believed to be hydrolyzed, contains the ortho di-
carboxylic acid group and could affect resin processing similar to

that of BTA described above.

BTDE Diethyl Ester

The major BTA ingredient in the ester mixture is the diethyl
ester. The variation in the second of three BTDE diethyl ester
isomers separated by HPLC is plotted in Figures 12 and 13, The
relative variations in Figure 12 and 13 correspond to different
levels of BTA and BTDE monoester described earlier, For example,
Batches 15, 16 and 16A contain a lower relative concentration of
BTDE diethyl ester due to the greater amounts of BTA and BTDE
monoester in these batches of material. The use of relative peak
area analysis does not provide very meaningful data for the major
component of a system. It works best for detecting relative

variations in the concentration of minor ingredients.,

NE Monoethyl Ester

The relative levels of NE ester endcap in the LARC-160 inter-
mediate ester mixtures is plotted in Figure 14. In contrast to
the variety of BTDA products present in the ester mixtures, the NE
endcap occurs predominantly as the monoethyl ester, The relation-
ship between NE ester peak area percentage and initial formulation
changes is somewhat ambigious due to the larger variations in BTDA

related ingredients. It is found, however, among Variables Study
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Batches 1 through 12, which are similar to BTDA related components,
that correlations between NA formulation changes and peak area

percentages can be made,

The relative levels of NE ester endcap in the LARC-~160 resins
are plotted in Figure 15, The irregularity in the data does not
correlate with NA formulation changes and is believed to be related
to resin cook variations. For example, the low level of NE ester in
the extended resin cook time material (Batch 11) is a result of
the preferential reaction of endcap with amine components to form
resin intermediates. The greater reactivity of NE compared to
BTDE esters have been discussed (Ref. 2 & 3). It is very difficult,

therefore, to determine NE formulation errors by HPLC analysis.

BTDE Triethyl Ester

The extent of BTDE triethyl ester in the BTDE/NE ester batches
examined is plotted in Figure 16. Excess ester reflux time in
Variables Study batch 13 is indicated by an increased concentration
of BTDE triester. The detrimental effects of the ortho ester group
of this compound have been described for PMR-15 polyimide resin
(Ref. 4). The amount of triester in the LARC-160 materials is,
however, very small. BTDE triethyl esters could not be detected
in LARC-160 neat resin or prepregs due to interference by ester/

amine reaction products which elute at the same time.
Resin Intermediates

Polymerization of LARC-160 monomers begins during neat resin
preparation and prepregging, as evidenced by the appearance of new
resin intermediate peaks in the HPLC separation of neat resin in
Figure 7. According to the simplified curing sequence in Figure 1,
BTDE ester ingredients first react with amines to form polyamide
acids. These species are then endcapped by the NE ester to give
the desired molecular weight product. Imidization and cross-linking
then occur in subsequent steps at higher temperatures. Contrary
to this reaction scheme, the resin intermediates identified in
LARC-160 are predominantly NE ester/amine compounds.

17
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The identification of three resin intermediate peaks in the HPLC
separation of LARC~160 was made by comparison with elution times of
model compounds whose structures are given in Figure 17. The var-
iation in MDA bis-nadimide is plotted in Figure 18 for the LARC-160
resin materials., The effect of extended resin cook time and tempera-
ture, 2 hours at 79°C (175°F) vs 10 minutes at 60°C (140°F), is clearly
indicated for Batch 11 of the Variables Study. The HPLC separation

of this material is shown in Figure 19. A large increase in both

MDA mono~- and bis-nadimide results from excess resin cook time,

The presence of MDA bis-nadamide and bis-nadimide can affect
both the processing and cured physical properties of LARC-160.
Cross-linking of MDA bis-nadimide will result in a low molecular
weight cross-link with different physical properties compared to the
idealized structure shown in Figure 1. The remaining resin, however,
will be deficient in endcapper, thus increasing its molecular weight
between cross-links. The overall result is to produce a less homo-
geneous network than is predicted by the idealized polymerization
sequence for LARC-160,

Unreacted Amines

The remaining ingredients to characterize in the LARC-160
resin system are the free or unreacted Jeffamine AP-22 amine
compounds. An ion-pair HPLC technique was developed for this
purpose. The separation of a standard production batch of LARC-160
resin by this method is showm in Figure 20, The identification of
Jeffamine AP-22 components in the resin was made by comparison with
the chromatogram of a pure Jeffamine AP-22 sample shown in Figure
21. Three major components are detected, including MDA, and two
higher molecular weight MDA homologs. The relative MDA content
was calculated as the peak area ratio of MDA to BTDE diester in
the chromatograms. This ratio is plotted in Figure 22 for the
LARC-160 batches, The results for Variables Study resin Batches
-6 agree qualitatively with the Jeffamine AP-22 formulation
changes incorporated in those materials. A low ratio is shown

for Batch 11 because of its extended cooking time. The wide



variation in the data for the standard batches is most likely due

to the effect of B-staging rather than formulation changes.
3.1.5.7 Chemical Characterization Conclusions

This chemical characterization activity of the program demon-
strates the applicability of HPLC techniques for characterizing the
chemical composition of LARC-~160 polyimide resin. Monomeric ester
and amine ingredients, as well as a number of resin advancement
products, are detected and identified by HPLC analysis. These
techniques not only provide the basis for improved quality control
procedures but also reveal information regarding the mechanism of
LARC-160 polymerization. Some specific conclusions resulting from

this study are:

o Relative batch-to-batch chemical variations in BTDA in
NA ingredients can be detected precisely, but absolute
formulation deviations are difficult to determine because
of the complexity of ester products and the effects of

varying resin advancement composition,

o Resin B-staging or advancement caused by processing var-
iations can be monitored from relative concentration of

intermediate products formed.

o Complex conversion of BTDA to BTDE diester during esterif-
ication does not always occur, resulting in potentially

detrimental BIDE monoesters and tetra acid (BTA) products,

o High levels of BTA can also result from hydrolysis of

BTDA by exposure to air prior to formulation,

o NE ester endcap reacts preferentially with amine components,
producing the bis-nadimide resin intermediate that modifies

the ideal cured network structure.
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Only a slight trace of BTIDE triethyl ester is present in

the resin materials examined.

Free amine components present in neat resin and prepreg

can be characterized by an ion-pair HPLC method.

The chemical composition of neat resin and prepreg are
quite similar, indicating that hot-melt impregnation has

little affect on composition,

Based on the foregoing conclusions and observations made during

the program, the following recommendations are given:

o

Preparation of BTDE/NE intermediate esters should be
modified to permit complete conversion of BTDA to BTDE

diester.

Pure methyl or ethyl alcohol should be considered for ester-
ification. The use of a complex alcohol mixture introduces
components whose behavior is unknown. The use of a pure
alcohol would also greatly simplify the quality assurance

of LARC-160.

Care must be taken to prevent exposure of BTDA to moisture

in the air which results in hydrolysis to the tetra-acid.

The HPLC methodology needs to be made more reproducible,
It is presently too difficult to obtain consistent data

from one analysis to another,
4

Improved quantification of the HPLC methodology is required.
The use of relative peak area ratios is not satisfactory for

analyzing all ingredients in LARC-160.

LARC-160 Variables Study

This portion of the program was incorporated by contract mod-

ification with the objective (1) of establishing the limits within

which LARC~160 polyimide resin could vary with regard to formulation

and processing without detriment to prepreg quality and (2) to demon-

strate prepreg batch~to-batch repeatability.



3.1.6.1

Formulation and Process Variables

Table 5 presents the variables in formulation and processing
assessed. All resin formulation and processing and prepreg prod-
uction was conducted under laboratory conditions primarily to better
control the variable requirements and also because of the 1.4 Kg
(3 1b) prepreg batch requirement which would have been cost pro-
hibitive if accomplished on a production line, The prepreg tape

produced was 15.2-cm (6 in.) wide.

A total of sixteen prepreg batches were produced for this study.
Batches 1 through 10 varied resin stoichiometry, batches 11 through
13 varied processing, and batches 14 and 15 substituted Anchamine-DL
and Tonox 22 respectively for the Jeffamine AP-22, Batch 16 was
utilized for chemical standardization since all other standard
batches of prepreg used for this program were produced on a pro-

duction line because of the quantity required.

Chemical analyses were conducted on each of the 16 batches of
prepreg material produced (see 3.1.5). Analysis of the starting
materials, NA, BTDA, and AP-22 was done only once since these
materials were procured in large quantities, The intermediate ester,
neat resin, and resin extracted from the prepreg of each batch were

chemically analyzed as noted in Table 5.

Laminate panels 15.2x15.2-cm (6x6 in.), 14 ply unidirectional,
were fabricated from each batch of prepreg material produced for the
variable study using the two stage imidizing and cure process (see
3.2,1.2)., The laminate panels were postcured free-standing for four

hours at 316°C (600°F) in an air circulating oven.

Laminate Physical Properties

NDI C-scan tests resulted in 1007 transmission through all
resin stoichiometry and processing variable panels except EX207,
resin variable number 5. Panel EX207 had a 107 excess concentration
of Jeffamine AP22 and showed 407 transmission. The two panels with
amine components, Anchamine-DL and Tonox 22, showed 707 and 0%

transmission respectively, NDI C-scan recordings are shown in
21
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Figures 23 through 38.

Target fiber volume of 60 + 27 was achieved in five of fifteen
panels fabricated. Low and high fiber volumes in the remaining
panels is attributed to prepreg resin content inconsistencies with-
in each laboratory scale tape roll. Detailed composite physical

properties are presented in Table 6.

Laminate Mechanical Properties

Flexural and short beam shear (SBS) properties were determined
on each postcured panel at room temperature and 316°¢ (600°F).
High flexural strength and modulus and short beam shear strength
was achieved in all specimens tested with the exception of panel
EX219 which employed the Tonox 22. Detailed properties are present-
ed in Table 6,

Laminate TMA-Tg Properties

Figure 39 shows a plot of Tg temperature determined for lam-
inates as a function of Jeffamine AP-22 concentration. The NE and
BTDE quantities were held constant at the standard formulation con-
centrations., Although the number of data points is limited, and
only one determination per laminate sample was made, the plot in-
dicates that Tg increases with increasing AP-22 concentration up
to +10%, Data were too limited with respect to variable NE/BTDE

concentrations to determine a trend in Tg temperature variations.

Significantly, panel EX 219 (Tonox 22) yielded a higher Tg
than all other laminates. Individual TMA-Tg curves are presented

in figures 40 through 43,
Repeatability and Usability

Three 4.,5Kg (10 1b) batches (23723, 23725, and 23727) of
30.4cm (12 ine) wide unidirectional tape were produced under pro-
duction conditions with separate batches of resin formulated for
each 4.5 Kg (10 1b) of prepreg to demonstrate formulation repeat-
ability and material usability over a six month period at -18%

(0°F) storage and after ambient out-time exposure of seven days.



The resin batches were formulated within limits established
from evaluating batches of prepreg 1 through 13 which varied in
stoichiometry and processing, Formulation and processing limits

for the three batches were as follows:

AP-22 + 2,57 by weight
NA + 2.57 by weight
BTDA + 2,5% by weight

Reflux time -~ not to exceed 90 minutes at 82 + 3%

(180 + 5°F)

Cook time - not to exceed 115 minutes at 82 + 3°%¢

(180 + 5°F)

Prepreg material physical properties specified were:

Resin solids: 37 + 37
Volatiles: 12 + 37
Fiber Areal Weight: 134 + 3 grams/m2

Samples of the neat resin and intermediate ester were provided
with each batch of prepreg for HPLC analysis to determine repeat-
ability and establish a standard for comparison of resin extracted

from the prepreg during the storage period,

Although this phase of the variables study was to be completed
in a six months period, equipment schedule priorities, equipment
malfunctions, and unexplainable processing problems have not allow-
ed a clear definition of usability after six months storage,
Equipment priorities prevented laminates from being processed at
the end of one month storage and laminates representing two months
storage were not usable because of an autoclave malfunction. At
the end of four month's storage, laminates were processed. However,
these laminates were not deemed usable because of excessive resin

bleed and fiber washing.

Chemical analysis of resin extracted from each of the three
repeatability batches showed no marked difference to the samples of
23



24

neat resin supplied with each batch. A detailed examination of the
prepreg supplier's records for the repeatability batches also showed
no possible cause for the processing difficulties. Further chemical
analysis by Rockwell did not disclose any extreme differences between
the repeatability batches and other batches used successfully to
date.

After eight months storage at -10.8°C (OOF), two 15.2x15,2-cm
(6.0x6.C in.), 14 ply unidirectional laminates, laid up from each of

the three Celion/LARC-160 repeatability batches were autoclave cured.

Prior to curing, the laminates were imidized: one from each
prepreg batch at 190°C (375°F) and the remaining laminates at 207°C
(405°F). Imidization staging at the noted temperatures was conduct-
ed under<<:l6.9KN/m2 (5 in. Hg) vacuum bag pressure for one hour.
The higher imidizing temperature was used, in an attempt to reduce

resin flow during the cure process.,

The laminates were autoclave cured for two hours at 316°%C
(600°F) under full vacuum and augmenting pressure of l379KN/m2
(200 psi). Total pressure was applied at the start of the cure
and cure temperature was attained at the rate of 2.2°% (4°F)/minute.
The cured laminates were forced cooled to<<66°C (150°F) before
release of pressure. The cured laminates exhibited surface and edge
fiber washing., However, this condition was to a lesser degree for
those laminates imidized at the higher temperature, NDI C-scan,
"A" sensitivity, of the laminates showed five of the six having

minor voids to a maximum of 37 of laminate area.

Flexural properties of the laminates from one batch (23723)
were 1476MN/m2 (214 ksi) at room temperature and 786MN/m2 (114 ksi)
and 765MN/m2 (111 ksi) at 316°C (600°F) for laminates imidized at
190°c (375°F) and 207°C (405°F) compared to target values of =
1572MN/m2 (228 ksi) and > 938MN/m2 (136 ksi) respectively for the
test temperature conditions, The remaining two batches (23725
and 23727) provided flexural strengths in the range of 1862 to
1924MN/m2 (270 to 279 ksi) at room temperature and 931 to 1282MN/m2



(135 to 186 ksi) at 316°C (600°F). Short beam shear values for the
three batches were essentially equivalent: 110 to l22MN/m2 (16 to
17.7 ksi) at room temperature and 42 to 61 MN/m2 (6 to 8.8 ksi)

at 316°¢C (6000F) compared to target values of > 103 MN/m2 (15 ksi)
and = 48 MN/m2 (7 ksi) respectively for the test temperature

conditions.

Two sets of 15,2x15.2-cm (6x6 in.) 14 ply unidirectional lam-
inates were fabricated from each of the three repeatability batches
after the material had been stored for eleven months., The lam-
inates were imidized at 218C (425F) for 30 minutes at two pressures
16.9 KN/m2 (5 in. Hg) and 6.7 KN/m2 (2 in., Hg). This change is
processing, over that used for the prior specimens, was in keeping

with the improved processing developed for the program.

Fiber washing was evident after imidizing to approximately
the same extent as seen on prior laminates made from these material
batches, However, it is felt this would have been controlled by

the use of edge dams.

The laminates were autoclave cured for three hours at 329°C
(625°F) under full vacuum and augmenting pressure of 1379 KN/m2
(200 psi). The laminates were not postcured. All laminates show-

ed excellent C~-scan quality as shown in Figures 44 through 49.

Mechanical properties of these laminates were not determined
because of variable thickness caused by the fiber washing. How-
ever, specimens were taken from each laminate for determination of

fiber volume and Tg. Results of these determinations are as fol-

lows:

Batch Imidizing Pressure Fiber Volume (7%) Tg

23723 16.9 KN/m? 66 343°¢
6.7 KN/m? 63 349°C

23725 16,9 KN/m? 65 340°¢C
6.7 KN/m? 64 341°¢
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Batch Imidizing Pressurc Fiber Volume (%) Ty

23727 16.9 KN/m? 70 343°¢C
6.7 KN/m? 67 339°C
Target 60 + 2 340°¢

(after postcure)

Further effort on this particular study was impossible because
of fabrication of the Technology Demonstrator Segment, Task (h),
which was of higher priority. However, batch repeatability was
demonstrated by the repetitive chemical analysis conducted in
attempting to determine a possible cause for the "processing"

problem.

With regard to usability after storage, experience with pro-
duction materials used for this program has indicated no problem
with materials that have been kept at -10.8°C (0°F) for over six

months.
TASK (b) - DEVELOP PROCESSES

Processing of Celion/LARC-160 was developed for fabrication
of laminates, hat and "I" stiffeners, honeycomb sandwich panels,
and chopped fiber moldings. Primary effort was devoted to develop-
ing process procedures for laminate structures which provided the

basis for process development of other structure variations,

Laminate Processing

Three laminate processing procedures were evaluated during
this program: (1) in situ cycle, imidizing and cure, (2) two
stage cycle, imidizing and cure, and (3) improved two stage cycle,

imidizing and cure,
In Situ Cycle

The objective of the in situ cycle was to accomplish imidi-
zation and cure in one continuous operation. The in situ cycle

is shown schematically in Figure 50 and is described as follows:



o Apply 6.7 KN/m2 (2 in. Hg) vacuum and maintain throughout
cycle.,

o Raise temperature from RT to 163°C (325°F) at 1.7 to 2.8°C
(3 to 5°F)/minute.

o Hold for 1 hour at 163°C (325°F).

o Raise part temperature from 163°C (325°F) to 329°C (625°F)
at 1.7 to 2.8°C (3 to 5°F)/minute.

o Apply 1378 KN/M2 (200 psi) pressure at 274°C (525°F),

o Cure at 329°C (625°F) for 2 hours.

o Force cool to-= 149°C (300°F) prior to pressure release.

0 Postcure free-standing in an air-circulating oven,
Raise temperature from RT to 316°C (600°F) at 5°C (9°F)/
minute. Hold at 316°C (600°F) for 4 hours. Force cool to
RT.

The tooling/layup configuration for the in situ cycle is shown
in Figure 51. A limitation to this cycle was the inability to
control resin flow resulting in higher than target fiber volume

(60 + 27 laminates.

Concurrent with the development of the in situ cycle, studies
were conducted to evaluate minimum pressure/minimum temperature

cure conditions.

Minimum Pressure Cure Study

Celion/ LARC-160 unidirectional, 32 ply laminates 12.7-cm
(5 in.) wide by 11.5-cm (4.50 in.) long were prepared at cure
pressure levels of 1.38 MN/m2 (200 psi), 1.03 MN/m2 (150 psi),
.69 MN/m2 (100 psi) and .34 MN/m2 (50 psi). The in situ cycle
time/temperature profile and pressure application point of 274°¢
(525°F) was employed in autoclave molding the laminates and final
cure was accomplished at 329°C (625°F) for two hours using standard
tooling., Panels were postcured at 316°C (600°F) for four hours.
As indicated by NDI C-scan, "A" sensitivity, tests and actual void
volume measurements, .69 MN/m2 (100 psi) was the lowest molding

pressure that produced << 17 target void volume laminates. Panels
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EX41 1.38 KN/m® (200 psi), EX47 1.03KN/m® (150 psi) and EX48

.69 KN/m2 (100 psi) NDI C-scan, "A" sensitivity, recordings

showed near 100Z sound laminates with only two discrepant areas
<<3,2-mm (1/8 in.) diameter showing on EX48. NDI C=-scan record-
ings of postcured laminates are shown in Figures 52 and 53.
Therefore, the minimum pressure limit for processing Celion/
LARC-160 prepreg appears to be somewhere between .69 MN/m2 (100 psi)
and .34 MN/m2 (50 psi) since the 34 MN/m2 (50 psi) pressure molded
laminate EX49 showed total porosity in C-scan test and has a 6.4%

void volume.

Significantly, panel EX 48 cured at .69 MN/m2 (100 psi) had
an optimum fiber volume of 60,27, compared with panels cured at
1.38 MN/m2 (200 psi) and 1.03 MN/m2 (150 psi) which had fiber vol-
umes of 69.9Z and 67.77 respectively.

Composite physical, flexural and short beam shear properties
of panels autoclave molded at 1.38 MN/m2 (200 psi), 1.03 MN/m2
(150 psi), .69 MN/m2 (100 psi), and .34 MN/m2 (50 psi) are com-
pared in Table 7., Data indicated no definite trend related to
flexural strength or elastic modulus properties in comparing cure
pressure levels, Short beam shear strength, 316°C (600°F) prop-
erties, however, in all specimens cured at 1.03 MN/m2 (150 psi),
.69 MN/m® (100 psi), and .34 MN/m® (50 psi) fell slightly below
the 48.2 MN/m2 (7 psi) target level,

Minimum Cure Temperature Study

A study was conducted to determine the practical minimum
temperature/time cycle for curing Celion/LARC-160 prepreg. This
study was undertaken in an effort to take advantage of the possi-
ble use of reusable silicone rubber vacuum bags and/or premolded
pressure caul sheets. These bags and/or caul sheets would be par-
ticularly advantageous in fabrication of hat and "I" beam
stringers, sine wave ribs, and other complex shaped parts. Reus-
ability is of prime importance for cost effectiveness, In addition,

lower curing temperatures will reduce the chances of seal and bag



leakage.

Fabrication of unidirectional, 32 ply 11.5x12,7-cm (4.5x%5.0
in.) laminates was accomplished using the two stage Celion/LARC-160
prepreg cure cycle and tooling with 1.38 MN/m2 (200 psi) pressure
applied at 274°C (525°F). Cure cycles employed to bracket tempera-
ture/time limits are described as follows: 316°C (600°F) 2 hours;
302°C (575°F) 3 hours; 288°C (550°F) 4 hours; and 274°C (525°F) 5
hours. Postcure of all laminates was accomplished at 316°C (600°F

for four hours.

NDI C-scan, "A" sensitivity, tests on laminates EX74, EX69,
EX70, EX71, EX72 cured at respective temperatures of 329°C (625°F),
316°C (600°F), and 302°C (557°F) and 274°C (525°F) had  99.5%
sound laminate areas after final postcure at 316°C (600°F) for
four hours., C-scan recordings of postcured laminates are presented

in Figures 54 and 55.

As cured laminate TMA-Tg values gradually decreased with de-
creasing cure temperature. For example laminate EX74 cured at
329°C (625°F) had a Tg of 346°C (655°F) and EX72 cured at 274°C
(525°F) had a Tg of 257°C (495°F). All laminates, however, after
being postcured at 316°C (600°F) for four hours had essentially
equivalent Tg values, with panel EX72 having the highest value of
360°c (680°F). TMA-Tg recordings are presented for comparison 1n

Figures 56 through 60.

Composite physical and mechanical properties are presented in
Table 7. Composite fiber volume decreased with decreasing cure
temperature, from 68.47 for panel EX74, cured at 329%¢ (625°F) to
62.1%, for panel EX72, cured at 274°C (525°F). No definitive trend
was noted in normalized room temperature flexural strengths and
none of the panels achieved minimum target values. All panels
except EX70, cured at 302°¢c (575°F) achieved target 316°C (600°F)
strength. Room temperature and 316°C (600°F) short beam shear

target strengths were achieved on all panels,
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Two Stage Cycle

The two stage cycle was developed to improve resin flow control
not obtainable by the in situ process. The following fully describes

the two stage cycle including layup and debulking procedures,

Prepreg Tape Layup Procedure

Stack prepreg tape in the required ply orientation and number
of plies, paper backing surface up, on a smooth tooling surface
such as a glass plate. Supporting layup materials such as parting
films, bleeders, porous teflon coated 104 fiber glass (TX1040 or
3TLL), caul plate, breathers and vacuum bag are shown in the layup

sequence in Figure 61.

During layup, it is preferable to slice the edges of the tape
using a straight edge in order to remove irregularities. If the
prepreg tape edges are cut clean and uniform, this operation can
be omitted, Normally, the Celion/LARC-160 tape will have adequate
tack to adhere to itself, however, if tack is not adequate, a hot
iron may be employed to aid layup. This is accomplished by ironing
directly over the paper backing; either locally tacking or flat
ironing to adhere the plies. The iron heat setting should be in
the range of 176°C (350°F). Great care shall be exercised in in-
suring either absolute butt joints or a slight overlap of 0.76-mm
(0.03 in) in the layup of tape elements, Tow splices should be
flagged on the tape roll by the supplier, however, extreme care
shall be taken to visually inspect each tape element., Any sections

having tow splices must be removed.

Debulking Procedure

Debulking of stacked prepreg has been found to be advanta-
geous in fabricating both flat and complex shaped laminates for the

following reasons:

o Preconsolidation debulks the prepreg close to final
laminate thickness; therefore, when augmented pressure
is applied during final cure, less resin and fiber move-

ment is required to achieve ultimate thickness.



During the debulking operation, supporting materials such
as TX1040 and bleeders are adhered to the laminate stack,
forming a well consolidated unit that is easily handled

during subsequent operations.

Prestacked and debulked laminates are easily stored, under

refrigeration, in sealed bags.,

The preconsolidated preforms, with bleeder materials in-
place, are easily handled in vacuum forming operations
during the fabrication of hat, "I", "Pi" and other com-

plex shape elements.

Where dry prepreg is used in the layup, the debulking
operation not only consolidates and adheres the mate-
rials but also rejuvenates the resin tack, making the

total stack pliable.

Two approaches to the flat laminate debulking operations have been

developed and successfully qualified for use in Tasks (a), (b),
(c), (d), (e), and (£).

Dry Preg Debulking

The following operations are to be performed after completing

prepreg tape layup.

(o}

Select a flat 4.6 to 6.34-mm (0.18 to 0.25 in.)thick
aluminum caul plate the same size as the stacked layup
and apply Frekote 33 mold release to the caul surface

which will face the layup.
Preheat the caul plate to 127 i_6.6°C (260 i-IZOF).

On removal from the oven (within 2 -~ 3 minutes), imme-
diately assemble the caul plate to the stacked layup
surface, seal in a vacuum bag and apply vacuum to 67
KN/m? (20 in. Hg).

Note: The layup area shall have been previously pre=-
pared for rapid vacuum bag application so that
minimal heat loss is incurred from the hot caul
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plate, This operation softens the LARC~160 resin
and causes it to flow into the TX1040 and bleeder
materials, creating a consolidated prepreg/bleeder
preform. The dry prepreg stack will become mildly
tacky and pliable after this operation.

o Allow the assembly to stabilize to room temperature before

removing the vacuum bag,

Tacky Prepreg Debulking

The same procedures shall be employed as for dry prepreg
except that heating of the caul plate is optional. If heat is
used, the procedure described for dry prepreg shall be followed.,
The layup shall be debulked at room temperature under vacuum bag

pressure, << 67 KN/m2 (20 in. Hg) for a minimum of four hours.

Imidizing Procedure

Principal concerns with the LARC-160 polyimide resin/graphite
materials are ensuring (1) efficient, uniform removal of solvent
and condensation reaction volatiles from large and complex surface
areas, and (2) resin flow control in the composite prior to appli-

cation of augmented pressure during the cure cycle.

Prepreg volatile removal techniques were developed using the
tooling shown in Figure 62, The concept of uniform removal of
volatiles is based on use of a perforated layup tool surface. Per-
forations in the surface act as individual, unrestrained vacuum
ports serving local surface areas of about 6-cm2 (1 in.z). Vac-
uum channel separator strips are located in-line between the vac-
uum ports to support the caul layup surface and to provide an un-
restrained venting system to a central manifold that, in turn, leads

to the main wvacuum source.

The laminate preform is imidized on porous tooling shown in
Figure 62. The laminate is contained in a Celgard 4500 or 4510
polypropylene microporous membrane which allows removal of vol-

atiles through the bottom perforated caul plate while preventing



resin loss into surrounding breathers. Volatiles are reduced to
<< 3% by this procedure. The imidizing cycle is shown in Figure
63.

A perforated top pressure caul without vacuum channels may be
used rather than a perforated bottom plate, if desired, although
this concept has not been proved for larger, thicker, laminates.
If the top perforated caul is used, efficient methods for venting

volatiles to the wvacuum source must be employed.
Detailed Imidizing Procedure

o Apply one 7781 fiberglass breather ply and one layer
of Celgard 4500 or 4510 to the surface of the perforated
layup plate as shown in Figure 62. Celgard may be spliced
with an electronic heat sealer or with a thin band of

Kapton tape 6.35-mm (0,25 in.) wide.

o Transfer the debulked preform and the integral bleeders
from the layup tool to the prepared perforated layup
plate.

o Assemble all bagging components per Figure 62 and install

thermocouples in the trim edge of the part,

o Install the assembly in an air-circulating oven and perform
the imidizing cycle per Figure 63. Thermocouples placed
within the part trim, not oven temperature, shall be used
in controlling the imidizing cycle., Thermocouple data

shall be autographically recorded.

Cure Procedure

Imidized flat laminates are autoclave cured on tooling shown
in Figure 64. Since the laminate volatile content has been reduced
to << 37 during the imidizing procedure it can now be treated analo-
gous to an epoxy laminate in the cure process. Nonperforated cauls
are employed with the bleeder arrangement shown in Figure 64. The

autoclave cure cycle is shown in Figure 65.
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Process development, performed for Task (b) and verified in
Tasks (a), (b), (ec), (d), (e), and (f), has shown that considerable
latitude exists in cure levels, For example, ultimate cure tempera-
ture and pressure can be accomplished as low as 274°C (525°F) and 689
KN/m2 (100 psi) respectively, Minimum cure temperature has been set
at 287°C (550°F) and pressure 1378 KN/m2 (200 psi).

Autoclave pressurization rates evaluated have been in the 5 to
7 minute range from 0 to 1378 KN/m2 (0 to 200 psi). The pressure
application window appears to be optimum in the temperature range
of 274 to 287°C (525 to 550°F). Resin hot melt flow is in the
range of 254 to 265°C (490 to 510°F), however, the apparent vise
cosity is very low. If pressure is initiated before 274°C (525°F)
excessive resin losses have been realized, resulting in high fiber

volume laminates.

Laminates are postcured at 316°C (600°F) for four hours in an
air circulating oven in free-standing position. Postcuring studies
during Task (b) proved that the composite Tg is significantly in-
creased and mechanical properties at 316°C (600°F) are improved.
Regardless of Tg or mechanical properties values attained after
initial cure, postcured of all laminates has been specified to
insure retention of laminate quality after exposure to the oper~-

ating service temperatures,

Detailed Autoclave Curing Procedure

o Remove the Celgard membrane from the bottom surface of
the laminate, being careful not to damage or disturb
the imidized layup. Leave the 2.3 to 4.8-mm (0,09 to
0.18 in,) top pressure caul in place; do not remove

bleeder.

o Transfer the laminate to the steel curing tool (nonperfor-
ated surface). The steel tool surface shall be prepared
using Frekote 33 parting agent. A Kapton glide sheet
shall be employed to separate the laminate from the tool

surface. Tape all components in place with Kapton pres-



sure sensitive tape.

Install type 162 fiberglass breathers (or equivalent)
over the aluminum pressure caul and onto the tool sur-
face. Adequate breather material shall be placed be-
tween the part and vacuum source to insure efficient re-

moval of any residual volatiles.

Install thermocouples into the edge of the part. These
thermocouples shall be used in monitoring the recording
time/temperature data during cure and shall be used to

control the cure cycle,

Install a 04051-mm (0.002 in.) thick Kapton film bag over
the breather and tool surface and seal around the per-
iphery of the tool using a high-temperature sealant,
Insure that no bridges exist or sharp protrusions bear

against the vacuum bag. Make vacuum bag "ear" seals as

required to insure adequate bag slack to prevent bridging.

Install the steel clamping ring and secure with bolts
around the periphery of the tool., The complete tooling

arrangment is shown in Figure 64,

Install the tooling in an autoclave and apply full vac-
uum to the tooling system, Apply 689KN/m2 (100 psi) to
the autoclave and inspect the system for leaks. 1If a
vacuum leak greater than 33.6 KN/m2 (10 in. Hg) occurs
within five minutes, the source shall be located and

repaired,

Perform the cure cycle within the time temperature pro-
file of Figure 65. The heat up rate may be less than

the 3.9°C (7°F)/min. as shown depending on autoclave
capability and/or tooling mass. No cool dowmn rate is
specified as this also depends on autoclave/tooling
characteristics. Record all events such as application
of various levels of vacuum, pressure and autographically

record temperature from each thermocouple on parts and
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autoclave, The part thermocouples shall be used in
controlling the cure cycle. All part temperatures shall
be in the range of 274 to 287°C (525 to 550°F) when
1378 KN/m2 (200 psi) autoclave pressure is applied.

o Remove bleeder materials and clean up parts.
o Submit for NDI C-scan test,

Postcure Procedure

Postcure in an air-circulating oven by raising the oven and
part temperature from room temperature to 316°C (600°F) at an
average heat rise rate of 1,6 to 8.3°C (3 to 15°F)/minute and
hold at 316°C (600°F) for four hours.

Improved Two Stage Cycle

Process studies, initiated under NASA/LaRC Contract NASI1-
15183, were further developed under this program to simplify the
imidizing and autoclave cure cycles. Prepreg tape layup and de-
bulking procedures are as defined in 3.2.1.2. The objective of

this effort were as follows:
e} Reduce the number of steps in the imidizing cycle,

o Increase the prepreg preform imidizing temperature
and/or time at temperature, thereby increasing the
LARC~160 resin viscosify when hot melt occurs during
the cure cycle., This would allow application of 1378
KN/m2 (200 psi) pressure at the initiation of cure
at room temperature and, in turn, eliminate the
chance of error of pressure application in the tempera-
ture range of 274 to 287°C (525 to 550°F) with the
existing cure cycle, Allowing the resin to seek its
normal flow point while under constant pressure, also
eliminates problems related to temperature non-uniform-

ity due to varying part thickness or tooling mass.

) Eliminate the intermediate 163°C (325°F) steps in the

autoclave cure cycle by raising the temperature from



room temperature to final cure temperature within the

established heat rise rate band.

Twenty-five panels, approximately 15.2x15-2-cm (6x6 in.)
were fabricated and imidized as noted in Table 8. All panels were
autoclave cured under the same bag with 1378 KN/m2 (200 psi) pres-
sure applied at the start of the cure., Actual heat rise rate for
the cure cycle averaged 1.3°C (2.3°F)/minute. Panels were sub-
mitted for NDI C-scan testing and specimens removed for physical

properties tests.

The following observations were made on panels cured using

the improved cycle:

o High resin flow was noted on all panels imidized at
162 and 177°C (325 and 350°F) as indicated by saturation
of surrounding fiberglass breather layers. Panels
imidized at 191 and 199°C (375 and 390°C) showed excel-
lent compaction characteristics and good resin beading
at laminate edges. The panels imidized at 218°C (425°F)
had minimal evidence of resin flow. The panels imidized
for 30 and 60 minutes had overall excellent cosmetic
appearance while those imidized for longer periods at
21 ¢ (425°F) showed surface roughness discrepancies

indicating inadequate resin flow.

) NDI C-scan testing results showed all panels imidized
at 162°C (325°F) for time periods of 60, 90, 120, 150,
and 180 minutes had void area discrepancies ranging
between 40 and 807%. Void areas increased with lesser
time at imidizing temperature. Panels imidized at
177°C (350°F) showed ultra sound penetration improve-
ment starting at 150 minutes with approximately 7% void
area showing. Panels imidized at 191°¢ (375°F) start-
ing at 60 minute thru 150 minutes showed 1007 ultra
sound transmission except for some cellulose acetate
fiber splice voids. All panels imidized at 199 and
218°C (390 and 425°F) had 100% ultra sound transmission.
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As previously noted, panels imidizing at 218°F (425°F)
for time periods exceeding 60 minutes showed surface

roughness irregularities due to resin flow reduction.

NDI C-scan recordings of each panel evaluated are pre-~

sented in Figures 66 through 90,

o Physical properties testing results verified imidizing
time/temperature relation as observed in panel cosmetic
appearance and NDI C-scan tests. All panels imidized
at 163 and 177°C (325 and 350°F) had high fiber and
void volumes, Panels imidized at 199 and 202°C (395
and 390°F) for time periods between 30 and 150 minutes
achieved target fiber volume of 60 + 27 and void volume
<< 2%7. Those panels imidized at 218°C (425°F) for 30
minutes also achieved target requirements. Panels
imidized at 218°C (425°F) for longer time periods had
low fiber volumes; void volumes were << 27. Detailed

physical properties are presented in Table 9,

Results of this process improvement study indicated the best
imidizing time/temperature bands to be in the range of 191°¢
(375°F) for 60 to 150 minutes, 199°C (390°F) for 30 to 150 minutes
and 218°C (425°F) for 30 to 60 minutes.

The improved two stage cycle, employed in fabricating ele-
ments for the Technology Demonstrator Segment (IDS), Task (h), is
presented schematically in Figure 91. The cure cycle permits
temperature options based on tooling requirements e.g. formed
silicone rubber blankets utilized on complex contoured details,
Postcure time at temperature varies from four hours at the lower

temperature to two hours when cured at 329°c (625°F).

"I" Stringer Processing

The following process description is specific for the "I"
stringer design developed for this program. It is, however, ap-
plicable to the fabrication of any "I" stringer element with minor

modifications.
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3.2.2.2

3.2.2.3

Stock for the individual components of the "I" stringer ("C"
channels, caps and radius fillets) are laid up and debulked as
flat laminates per 3.2.1.2 and then vacuum formed and imidized.
Vacuum forming of "C" channel and bottom surface top cap flat pre-

forms enables easy, wrinkle-free shaping of components.

Preformed imidized radius fillets, that fill the interstices
between "C" channels and caps to near net shape, and cap elements
are easily handled and located in position during assembly for

autoclave cure.
"I" Stringer Tooling

The following tools were required for the fabrication of the

"I" stringer designed for this program:

o "C" channel mandrels, 6061-T6 or equivalent aluminum
alloy.
0 Cap forming silicone rubber pressure caul stabilized

on an aluminum bar.

o Imidizing tool consisting of a caul plate and perfor-

ated layup plate.
o Preforming and imidizing tool for fillet stock.
Tools are shown in Figures 92 and 93.
Layup and Debulking

Layup flat stock for "C" channels per design requirements,
Follow the layup and debulking procedures described in 3.2.1.2,
During the layup procedure, the TX1040 and bleeder materials
applied to "C" channels must be laid on a 45° bias to the rectangu-
lar flat preform, This is required to prevent wrinkles during

preforming and imidizing operations,
Vacuum Forming "I" Stringer Elements

The "I" stringer elements; "C" channels, bottom surface top

cap, and fillets are vacuum formed prior to imidizing.
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Bottom Surface Top Cap

o

(o]

Apply Frekote 33 parting agent to the aluminum "C"
channel mandrels surfaces and oven dry for 15 minutes
at 176°C (350°F).

Assemble two "C" channels together with attachment bolts.

Cut a 3,5-cm (1.48 in,) wide, 96.5-cm (38.0 in.) long
strip of debulked (0)7 ply prepreg stock. Remove TX1040
and bleeder ply.

Assemble the (0°), layup to the "I" beam mold top ca
7 p cap

surface, between two edge dams as shown in Figure 92,

Place the silicone rubber surfaced aluminum pressure

caul in place over the layup.

Apply a breather and nylon film vacuum bag, seal and
place in an autoclave., Apply > 84 KN/m2 (>25 in. Hg)
vacuum and 689 KN/m2 (100 psi) pressure. Raise the
temperature to 65°C (150°F) and hold for 15 minutes.

Force cool to room temperature,
Remove the tooling from the bag.

Cut the preformed laminate along the center line of
the cap cleavage to separate the two mandrels. The
cap (Oo)7 preforms will adhere to each "C" mandrel after
this operation. These remain in place for vacuum form-

ing the "C" channels. Remove TX1040 from laminate,

"C" Channels

Prepare a flat plate of suitable size for holding each
"C" channel mandrel in a vacuum bag. Vacuum bag materials
and seals shall be prepared previously so that a rapid
seal can be made in the subsequent vacuum forming oper-

ation.,

Cut a 12.7-em (5 in.) wide, 96.5-cm (38.0 in.) long
strip of debulked (:_450), 4 ply prepreg stock. Remove
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the TX1040 faying with the laminate surface facing the
tool,

Place the mandrel on the flat plate., Transfer the de-
bulked laminate with integral 45° bias TX1040 and one
ply 120 bleeder to the mandrel and secure in place on

the ends with a small piece of tape.

Drape the wvacuum bag over the flat-debulked laminate
on the mandrel, seal and draw vacuum. This operation
will form the laminate with TX1040 and bleeder in place,

over the "C" channel, wrinkle-free,

Place the assembly in an air-circulating oven and raise
the mandrel and part temperature to 65 to 93°C (150 to
200°F) and hold for 15 minutes.,

Allow the assembly to return to room temperature before
releasing vacuum., The laminate preform, with integral

45° bias bleeders and porous TX1040 separators, will re~
main secure to the mandrel and is now ready for imidiz-

ing operations.

Imidizing "I" Stringer Elements

Imidizing of all "I" stringer elements was accomplished as
g

described in 3.2,1.2, The following defines preparations prior to

imidization of formed elements, '"C" channels and fillets.

(o]

"C" Channels

Drape a layer of Celgard 4500 or 4510 microporous mem-—
brane over the preform bleeder surface and secure in

place, wrinkle-free, with pressure sensitive tape on
the backside of the mandrel, Celgard is used to con-

tain the resin and release volatiles during imidization.

Place the two "C" channel mandrels on a flat plate

suitable for applying a vacuum bag.,

Install thermocouples under the breather material over
the part, outside trim lines. Data from the thermo-
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Fillets

couples shall be autographically recorded and used as

the basis for controlling the imidizing cycle.

Drape one ply of type 120 or 7781 fiberglass or Moch-
burg paper breather material over the Celgard film

surface.

Install a nylon film vacuum bag, drape in place over
the preform bleeder surface and seal around the periph-
ery of the flat aluminum plate. Insure that an effi-
cient breather system such as multi-plies of type 162
fiberglass breather are connected between the parts

and vacuum source, The "C" channel imidizing arrange-

ment is shown in Figure 92,

Place the bagged assembly in an air circulating oven
and imidize per Figure 63. Monitor and record thermo-

couple and other cycle events such as vacuum data.

The fillet imidizing tooling and molding concept is shown

in Figure 93. The tooling is designed to augment vacuum bag

pressure through a pressure augmenter plate to a maximum of 710
KN/m2 (103 psi) when 101 KN/m2 (30 in. Hg) vacuum is applied.

This feature produces well defined and consolidated imidized fillet

preforms.

(o]

For each fillet preform, cut a 6.35-mm (0.25 in.) wide
strip from the debulked fillet stock, remove TX1040 and
bleeder, and place the strip in the fillet preform tool

cavity.

Install dams and pressure mandrels, thermocouples,
pressure augmenter plate, breathers, vacuum bag, and

seal per Figure 93.

Place the assembly in an air circulating oven and
imidize per Figure 63. Thermocouple data shall be

used for controlling the imidizing cycle and shall be
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Assembling

o

recorded autographically.
of "I" Stringer Elements

Remove Celgard, TX1040, and bleeder materials from out-
side surfaces of imidized "C" channel elements. Care
shall be exercised to prevent damage to imidized pre-

forms,

Join the two "C" channel mandrels together with under-
size diameter fasteners to allow for mandrel movement

while under pressure during cure.

Install two imidized 0° fillet elements in cleavage,
top and bottom, between the '"C" channels and secure in
place at part ends, outside the part trim area, with a

small piece of Kapton tape.
Install tooling dams on top cap edges.

Place the assembly on a flat steel tool for autoclave
curing at 320°C (625°F), 1378 KN/m% (200 psi). The
tool surface shall be prepared by coating with Frekote
33 parting agent, Cover tool surface with Kapton film

glide sheet.

Cut a 3.5-cm (1.48 in.) wide, 96.5-cm (38.0 in.) long
strip of imidized Oo, 7 ply laminate stock and remove

TX1040 and bleeder materials.

Place the laminate in the top cap recess over the
(1_450)3, 4 ply flanges of the "C" channels and 0°

fillet elements.

Install the top pressure caul, The pressure caul shall

be prepared by coating with Frekote 33 parting agent.

Install type 162 fiberglass breathers (or equivalent)
over the "I" beam tooling and onto the tool surface,
Adequate breather material shall be placed between the
part and vacuum source to insure efficient removal of

volatiles and protection of the bag.
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o Install thermocouples into the edge of the part. These
thermocouples shall be used in monitoring and recording
time/temperature data during cure and shall be used to

control the cure cycle.

o Install a 0.,051-mm (0.002 in.) thick Kapton film bag
over the breather and tool surface and seal around the
periphery of the tool using a high-temperature sealant.
Insure that no bridges exist or sharp protrusions bear

" seals

against the vacuum bag, Make vacuum bag "ear
as required to insure adequate bag slack to prevent

bridging.

o Install the steel clamping ring and secure with bolts

around the periphery of the tool.
3.2.2,6 Cure Procedure

o Install the tooling in an autoclave and apply full
vacuum to the tooling system. Apply 689 KN/m2 (100
psi) to the autoclave and inspect the system for leaks.
If a vacuum leak greater than 33.7 KN/m2 (10 in. Hg)
occurs within five minutes, the source shall be located

and repaired,

o Perform the cure cycle within the time temperature pro-
file of Figure 65. Record all events such as appli-
cation of various levels of vacuum, pressure and auto~-
graphically record temperature from each thermocouple
on parts and autoclave. The part thermocouples shall
be used in controlling the cure cycle., All part tempera-
tures shall be in the range of 274 to 287°C (525 to
550°F) when 1378 (KN/mZ) (200 psi) autoclave pressure
is applied.

o Remove bleeder materials, clean up parts, and submit

to Quality Engineering for NDI C-scan test.



3.2.2.7 Postcure Procedure

0 Postcure the "I" stringer in an air-circulating oven by
raising the oven and part temperature from room tempera=
ture to 316°C (600°F) at an average heat rise rate of
1.6 to 8.3°C (3 to 25°F)/minute and hold at temperature
for four hours. The "I" stringer shall be supported on

a flat base, free standing, during postcure,

3.2.3 Hat-Section Stringer Processing

Processing procedures are defined for the specific hat-
section stringer designed for this program but are applicable to

any hat-section element with minor modifications.

Stock for the individual components of the hat-section
stringer are laid up and debulked as flat laminates per 3.2.1.2
except for modifications noted herein. Only the (00)16 uni-
directional cap reinforcement is imidized in accordance with
3.2.1.2. Imidization of the web/flange components is accomplished

in situ during the autoclave cure cycle.
3.2.3.2 Layup and Debulking

Prepreg tape having a nominal 0,145-mm (5.7 mil) cured ply
thickness and 152 + 4 grams/m2 areal fiber weight was used for

this hat-section stringer design.

Flat laminate stock, (00)16 was laid up and debulked per
3.2,1.2 for the hat-section cap.

Two flat laminates, 1_450 two ply, for inner and outer web/
flange elements of the hat-section were laid up and debulked,
However, the laminate stock for the inner element was debulked
without bleeder material., In the layup of the laminate stock
for both inner and outer elements, the TX1046 only and TX1040 with
bleeder were applied to the laminate surface, as determined by the
assembly, on a 45° bias to the rectangular laminate shape to prevent

wrinkling during vacuum forming,
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Imidizing (00)16 Cap Element

The (O°)16 cap stock was imidized per 3.2.1.2 except that
172 KN/m2 (25 psi) was applied after the 115°C (240°F) cycle to
increase compaction and to reduce material movement during the

cure process and thereby eliminated wrinkles in the cap area.
Shaping (00)16 Cap Element

Trim a 2,79-cm (1.1 in,) wide strip from the imidized (Oo)16
laminate stock parallel to the fibers using a sharp knife and

straight edge. Remove TX1040 and bleeder.

Place the strip on the top of the mandrel and bevel the edges

to match the angle of the tool using a sanding block.
Vacuum Forming Hat-Section Elements

o Apply Frekote 33 parting agent to the hat-section man-
drel surfaces and oven dry for 15 minutes at 176°¢C
(350°F).

) Cut a 15.2-cm (6.0 in,) wide strip from the debulked
two ply +45° flat laminate (inner element) to desired

length for the inner layer of the hat-section.,

o Prepare a flat plate of suitable size for holding the
mandrel in a vacuum bag, Vacuum bag materials and seals
shall be prepared previously so that a rapid seal can

be made in the subsequent vacuum forming operation.

{
o If the prepreg is dry and nontacky, heat the hat~-
section mandrel to 65 I_6°C (150 I_IOOF) to promote

improved drape for vacuum forming.

o Place the mandrel on the prepared flat plate., Transfer
the debulked flat laminate to the mandrel and secure

in place with tape at each end.

o Drape a layer of nylon film and Mochburg paper breather

over the surface of the flat laminate.



Drape the vacuum bag over the layup, seal and draw
vacuum. Insure that the vacuum bag conforms to the
radius areas by rubbing with a teflon paddle. This
operation will form the flat debulked laminate with
TX1040 in place over the mandrel, wrinkle-free. The
laminate preform with integral 45° bias TX1040 separators

will remain secured to mandrel,

Remove nylon bag, Mochburg breather, and bias ply of
TX1040.

Place the shaped (00)16 cap element prepared over the
i.450 two ply layup on the tool cap. Tack in-place on

each end with a small piece of tape.

Cut a 15.2-cm (6.0 in.) wide strip from the debulked
two ply 1.450 flat laminate (outer element) to the
desired length for the outer layer of the hat-section.
Remove the single ply of TX1040, The bias oriented

TX1040 and 120 fiberglass bleeder are to remain in place.

Place the laminate on the (00)16 cap element to have
the graphite surfaces in contact. Secure each end to

mandrel with tape.

Repeat the above vacuum forming operation., In order to
prevent the outer plies from tacking to the flange of
the inner plies, insert a strip of polyethelene, or
F.E.P. film between the two preforms along each flange.
During the vacuum forming operation rub and force the

bag into the radius areas with a teflon paddle,

Remove the vacuum bag and then carefully remove the two
parting film strips from between each flange of the

"hat" .
Tack the two flanges into final position,

Drape a parting film such as mylon or F.E.P. over the
vacuum formed hat assembly., Install the molded silicone
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rubber caul over the parting film. Seal in a nylon film
vacuum bag, place in an autoclave; apply vacuum and
pressurize to 689 KN/m2 (100 psi). Hold under pressure
for approximately 15 minutes., This operation is perform-
ed to insure proper seating of prepreg preforms, bleeder

materials and rubber caul,

Remove bag, rubber tooling and parting film and inspect

for part conformance to the tooling.

Assembly for Cure

(o)

Apply Frekote 33 parting agent to the rubber caul. Air

dry for 15 minutes minimum,

Install the rubber caul over the 1.450 bias 120 fiber-

glass bleeder surface of the preformed hat.

Place the mandrel on a flat steel tool suitable for
curing parts at 1378 KN/m2 (200 psi), 287°C (550°F).
Install shims under the curved base of the tool to

prevent bending the tool when autoclave pressure is

applied,

Install 162 fiberglass breather material over the ex-
ternal surface of the rubber caul, Apply material as
required to prevent bridging and any sharp protrusions
from coming in contact with the bag., Adequate breather
material shall be placed between the part and vacuum

source to insure efficient removal of volatiles.

Install thermocouples into the edge of the part under
the rubber caul. These thermocouples shall be used in
monitoring and recording time/temperature data during

cure and shall be used to control the cure cycle.

Install a 0.,051-mm (0.002 in.) thick Kapton f£ilm bag
over the breather and tool surfaces and seal around the
periphery of the tool using a high-temperature sealant.

Insure that no bridges exist or sharp protrusions bear
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against the vacuum bag., Make vacuum bag "ear" seals as

required to insure adequate bag slack to prevent bridging.

o Install the steel clamping ring and secure with bolts
around the periphery of the tool. The tooling arrange-

ment is shown in Figure 94.
Cure Procedure

o Install the tooling in an autoclave and apply full
vacuum. Apply 689 KN/m2 (100 psi) to the autoclave and
inspect the system for leaks. If a vacuum leak greater
than 33.7 KN/m2 (10 in. Hg) occurs within five minutes,

the source shall be located and repaired.

o Perform the in situ imidizing the cure cycle within the
time temperature profile of Figure 95. Record all
events such as application of various levels of vacuum,
pressure and autographically record temperature from
each thermocouple on parts and autoclave. The part
thermocouples shall be used in controlling the cure cycle.
All part temperatures shall be in the range of 274 to
287°C (525 to 550°F) when 1378 KN/m2 (200 psi) auto-
clave pressure is applied. The ultimate cure tempera-

ture shall not exceed 293°C (560°F).

o Force cool the part to =< 65°C ( << 150°F) prior to pres-

sure release,

o Remove the part from the tooling., Care shall be exer-
cised to prevent tearing the rubber caul during removal

from the surface of the bleeder material on the part.

o Remove bleeder materials, clean up parts, and submit to

Quality Engineering for NDI C-scan test,

Postcure Procedure

Postcure the hat-section in an air-circulating oven by rais-
ing the oven and part temperature from room temperature to 316°C
(600°F) at an average heat rise rate of 1.6 to 8.3°C (3 to 15°F)/
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minute and hold at temperature for four hours. The hat-section

shall be supported on a flat base, free standing, during postcure.

Honeycomb Sandwich Processing

Laminate face sheets are processed in accordance with proce-

dures defined in 3.2.1.3 except for postcuring which is accom-

plished after bonding the sandwich structure.

Prime Laminate Face Sheets

o]

Secure face sheets to a flat surface or in a holding

frame.

Abrade faying surfaces with Scotch Brite, Type A, pads
and water, A water break free test will be performed
and each skin force dried at 121°C (250°F) for 30

minutes in an air circulating oven.

Prime skin faying surfaces by spraying two box coats

of 35% solids BR34 aluminum powder filled polyimide
resin, (A box coat consists of two spray coats, with

the second spray coat applied 90° to the first to en-
sure even coverage). The primer will be allowed to

air dry for 45 minutes minimum, staged in an air circu-
lating oven by raising the temperature from room tempera-
ture to 51.7°C (125°F) and then to 204°C (400°F) in
13.9°C (25°F) increments every 15 minutes. This pro-

cedure is required to prevent blistering the primer.

Skins will be stored in clean kraft paper until ready

for use.

Prime Honeycomb Core

(o]

Vapor and spray clean in trichlorethylene and oven dry
at 121°c (250°F) for 30 minutes.

Apply 35Z% solids BR34 primer to the core cell faying
edges in four box coats, Air dry 45 minutes minimum

and stage primer in an air circulating oven per 3.2.4.1.



o Primed core elements will be stored in clean kraft

paper until ready for use.
3.2.4.3 Assemble Sandwich Panel and Bond

o Apply adhesive film, FM34B-18, .44 Kg/m2 (0,09 psf)
to the face sheets, assemble with honeycomb, and vacuum

bag for bonding.

o Apply 84.4 to 94,5 KN/m2 (25 to 27 in. Hg) vacuum and
2,76 KN/m2 (40 psi) autoclave pressure,

o Raise temperature from room temperature to 177°%¢ (3500F)

at 2.8°C (SOF)/minute.
o Cure two hours at 188°c (370°F).

o Postcure sandwich panels free standingin an air-circu-
lating oven by raising the temperature at 5-7°C
(9-12°F)/ minute to 316°C (600°F) and holding at 316°C
(600°F) for four hours. Force cool panels to room

temperature,

3.2.5 Chopped Fiber Molding Processing

Unidirectional prepreg tape 15.2-cm (6 in,) wide was procured
for this process development to the following physical properties

requirements:

0 Resin Solids: 38 + 37

o Volatiles: 12 + 37

o Fiber Areal 67 + 3 grams/m2
Weights

o Calculated thickness, 60% fiber volume:

0.0064~-cm (2,5 mils)/ply

The tape material was chopped to produce random size pieces 1.25
to 2.54-cm (0.5 to 1.0 in.) long, in the filament direction, by
0.25 to 3.0-cm (0.1 to 1.2 in.) wide.
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Development of chopped fiber molding processing was accom-
plished using an ASTM D790 flexure specimen molded in an ASTM D647
compression mold. The flexure mold and typical molded coupons are

shown in Figure 96.

The following two stage process was developed for chopped

fiber molding:

o Spread chopped unidirectional prepreg uniformly over

a teflon sheet positioned in a shallow pan.

o Imidize material in an air-circulating oven by raising
the temperature from room temperature to 190°¢C (375°F)

and staging at temperature for one hour.

o Load mold with net weight imidized material to obtain

a target fiber volume of 6037,

) Place mold in a press preheated to 316°C (600°F) and

close to contact position.

o Apply 13790 KN/m2 (2000 psi) pressure when part tempera-
ture reaches 204°C (400°F).

o Cure one hour at 316°C (600°F).

Postcure chopped fiber molding free standing for four hours at

316°C (600°F),



3.3

3.3.1

TASK (c) - FABRICATION AND TEST

Fabrication - Mechanical Properties Specimens

Initial laminate panels to be used for mechanical properties
testing were laid up and autoclave cured using the single stage
in situ imidizing and cure process described in 3.2.1.1. These
panels were used to obtain all postcured condition mechanical prop-
erties specified in the test matrix, Table 10. Resin flow control
proved to be a problem using this cure cycle, sometimes resulting
in high composite fiber volumes in the range of 64 to 68%. All
laminates for specimen fabrication had essentially zero void con~-

tent as determined analytically, and by NDI C-scan test.

Process optimization studies performed in Task (b) led to a
two stage processing requiring an imidizing cycle where volatiles
are removed to << 27 from the stacked prepreg prior to the auto-
clave cure. Resin flow control was maintained during imidization
by low vacuum levels and a Celgard 4500 or 4510 microporous poly-
propylene film which allows volatile matter to escape through a
perforated tooling plate while the membrane contains the low vis-
cosity resin. Excess resin was absorbed into bleeder materials

calculated to yield a laminate with a target 60 + 27 fiber volume.

The autoclave cure was accomplished between two flat tooling
plates. Since the major portion of volatile matter was removed in
the imidizing cycle, the laminates were treated similarly to epoxy
materials. Final laminate cure was accomplished at 287°C (500°F)
for three hours or 326°C (625°F) for two hours.

This two stage process was employed in the fabrication of
all laminates for mechanical properties specimens that were aged
for 125 hours at 316°C (600°F). All panels had essentially zero
void with fiber volumes in the 61 to 637 range., NDI C-scan record-
ings confirmed high quality and are shown in Figure 97 through 102.
The detailed description of this two stage processing is presented
in 3.2.1.2. Flexural and tensile specimens were molded from chopped

fiber using the compression molds shown in Figure 96 and 103, The
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molding process used is described in 3.2.5.

Testing - Mechanical Properties

Testing was performed in accordance with the matrix, Table 10.
Three specimens for each test mode and temperature were tested in

the postcured and aged, 125 hours 316°¢ (6000F), conditions,
Beam Test Description

Tension and compression critical beams were employed to
uZ%) and (0°)t and (00, +
%) properties., The beam

dezermlge (0)t tension (Ftu’ Et’ ault,
457, 90 )s compression (Fcn' Ec’ €41t

designs are presented in Figure 104,

Analytical studies (Ref. 5) performed by Mr. Mark Shuart,
NASA-LaRC, proved that the 352 Kg/m3 (22 pcf) honeycomb core
significantly affects the measured strength and elastic modulus
properties of composite specimens. A computer program was develop-
ed by NASA-LaRC to assess the actual effect this core has on the
laminate properties and to establish property adjustment factors.,
Bulk core properties for both aluminum, 352 Kg/m3 (22 pecf), end
301 CRES, 639 Kg/m3 (40 pcf), core materials were developed by
Rockwell International and transmitted to NASA-LaRC for use in the
computer program in developing the composite property adjustment
factors. These data are shown in Table 11. Specific adjustment
factors are given in the individual mechanical property data Tables
12 through lﬁ.

During test, individual specimens were stabilized at each
test temperature for 10:]8 minutes prior to application of stress
at a head travel of 1.27~mm (0.05 in.)/minute., Data were obtained
by autographic recording of axial strain gages installed on the

composite specimens at the beam midpoint.
Tensile Test Description

Tensile coupons were employed to determine 0%t, (90%¢,
(+45°)s and (Oo, :_450)3 and (0Q°, :_450, 90°)s tension properties.

Specific properties determined were F_ E, €ult, w(Z) and v,

]
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The (Oo)t. (900)t and (+45°)S coupons employed a straight sided
design and the (00, :_450, 90%)s coupons were necked down in the

test section. Specimen design is shown in Figure 105.

During test, specimens were loaded at a head travel of 1.27-mm
(0.05 in,)/minute after stabilizing for 1oflg minutes at tempera-
ture. Data were obtained using biaxial strain gages mounted back-

to-back on two of three specimens in each test group.

Load/strain data were obtained incrementally in testing post-
cured condition specimens by digital readout using a data logger.
Stress/strain data plots were made using a Hewlett Packard 9820
computer system. The remaining single specimen in each group was

instrumented with clip-on hang down extensometers,

In testing the 125 hour 316°¢C aged coupon specimens, load/
strain data was obtained autographically from biaxial strain gages

at a constant head travel of 1.27-mm (0.05 in.)/minute.
Compression Test Description

Compression coupons were employed to determine (90)t and

cu utt M (7). The
compression specimen is a 7.62-cm long x 2.54-cm wide (3,000X1.000

(+45)S compression properties, F_ , E, and €
in.) coupon. Specific tolerances and test fixture design are
presented in Figure 106. During test, specimens were loaded, after
stabilizing at each test temperature for IOtlg minutes, at a con-
stant head travel of 1,27-mm (0.05 in,)/minute. Load/strain data

were obtained autographically using a hang down deflectometer,
Flexural and Short Beam Shear Test Description

Specimens were machined from 00, 26 ply, nominal 0,063-mm
(2.5 mils)/ply, 1.65-mm (0.0565 in.) thick test panels. Specimen
configurations were in accordance with ASTM D790 (flexural) and
ASTM D2344 (short beam shear). Respective span to thickness ratios
for each test are 32:1 and 4:1. Strain measurements were made auto-
graphically during eact test using an isolated deflectometer
positioned at the specimen midpoint, Elastic modulus properties

were derived from load/strain curves obtained in the flexural tests
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and the load/strain curves obtained in the SBS tests were used to
give a positive indication of when actual specimen failure occurred.

Specimens were loaded at a head travel of 1.27-mm (0.05 in.)/minute

after being stabilized at the test temperature for 1oj‘g minutes,

Tensile and Flexural Chopped Fiber Test Description

Specimen configuration as molded were in accordance with
ASTM D651 (tensile) and ASTM D790 (flexural), The tensile and
compression specimens were tested at room temperature and 316°C
(600°F). For the 316°¢C testing, the specimens were stabilized

+ .
at temperatures for 10 5 minutes,

0

Test Results - Mechanical Properties

Tension

Data obtained during testing are summarized in Table 18,
The effects of test temperature and postcuring versus aging (125
hour, 316°C (600°F) conditioning) on composite mechanical proper-

ties are presented graphically in Figure 107,

Testing problems were experienced in some cases with beam
specimens at 204°C and 316°C (400°F and 600°F) when either compos~
ite facing-to-core or steel facing-~to-core bond failures occurred.
Test data were tabulated at the composite stress level reached

when bond failure occurred and are therefore not averaged.
\
. ' (o] . .
Tension test results of (0 )t beam specimens adjusted per

paragraph 3.3.2.1 show that the postcured specimens have higher
strength than the aged under all conditions except room temperature.
All tensile strengths were quite high starting at 2068 MN/m2 (300
ksi) at -168°C (-270°F) and steadily decreasing to 1648 MN/m2

(239 ksi) at 316°C (600°F). The (0°, + 45°, 90°)_ and (4 45°)_
tensile coupons in the postcured condition also maintained higher
strength than the aged counterparts although the spread was very
close, There was virtually no decrease in the postcured 0°, +
45°, 900)S tensile strength between ~168°C (-270°F) and 316°C

(600°F). The resin critical(90°)t aged tensile coupon specimens



showed good strength retention in comparison with the postcured
units, having slightly higher -168°¢C (-270°F) and room temperature
strengths and slightly lower 204°C (400°F) and 316°C (600°F)
strengths.

Elastic modulus properties of the fiber critical (00)t spec-
imens were not significantly affected regardless of test tempera-
ture while the (00, :'450, 900)8, 316°¢ (600°F) test specimens
showed some modulus loss. For the resin critical (iASO)S and
(900)t coupons, a gradual decrease in elastic modulus properties
was noted between -168°C (-270°F) and 316°C (600°F).

Detailed tensile properties and failure modes from beam
tests are presented in Tables 12 and 13 and properties from coupon
testing are presented in Tables 19 through 26, Stress/strain

curves from beam and coupon testing are presented in Appendix C.
3.33.2 Compression

Data obtained during test are summarized in Table 27. Ef-
fects of test temperature and postcuring versus aging (125 hours,
316°C (600°F) conditioning) on composite mechanical properties are

presented graphically in Figure 108.

Testing problems occurred in compression test of 204°C (400°F),

(00, + 450, 90°)S beams as discussed in the tensile results 3.3.3.1.

Analysis of compression test results indicated somewhat dif-
ferent trends in strength properties than found in tension, with
lower ultimate strengths in the fiber critical orientations, (00)t
and (Oo, :_450, 900)3, and higher strengths in the resin critical
orientations, (900)t and (+45°)S. For the (00)t beam tests the
aged, room temperature strength was higher than the postcured
specimens as found in tension tests. A greater loss from room
temperature compression strength was noted at 316°C (600°F) than
in the tension tests, a 377% reduction for postcured and 507 reduc-
tion for aged condition. Beam specimens with 0°, + 45°, 90°)S
fiber orientation, postcured condition, showed only 337 strength
loss from room temperature to 316°¢C (600°F) while the aged spec-
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imens had a 20% loss indicating a postcure effects The resin de-
pendent (900)t and (iﬁso)s coupon specimen strengths were almost
identical in both postcured and aged conditions at each test tem-
perature except for the postcured 316°C (600°F) tested (iﬁSO)S
specimens, indicating the influence of the resin. Strength losses
from room temperature to 316°C (600°F) ranged from 547 in the
postcured (:ﬁSo)S specimens, while the aged specimens lost only

207, again indicating a postcure effect on the resin.

Elastic modulus properties of the (iﬁso)s specimens at each
test temperature were increased after aging at 316°C (600°F), while
the (900)t specimens showed no significant difference. (00)t and
(0°, :_450, 900)S specimens showed no significant change in elas-
tic modulus properties, regardless of test temperature or aged
condition, Detailed compression data and failure modes from beam
tests are presented in Tables 14 through 17. Table 28 presents
the data for coupon testing. Stress/strain curves are presented in

Appendix C.
Flexural

Results of flexural strength tests on postcured and aged
specimens show a drop in strength from room temperature to 316°¢
(600°F) of 51% and 34% respectively. Specimens tested at -168°C
(-270°F) yielded respective strength increases from room tempera-
ture of 187 and 6.1%. The aged specimens demonstrated higher
strengths at all test temperatures except -168°C (-270°F). Elas-
tic modulus properties were not significantly affected regardless
of aged conditions or test temperature., Failure modes of -168°¢
(-2700F) and room temperature tested specimens were by outer fiber
tension and by compression in specimens tested at 204°C (400°F)
and 316°C (600°F). Detailed data are presented in Table 29 and
the relative performance of postcured and aged specimens is shown

graphically in Figure 109.
Short Beam Shear

Results of short beam shear tests on postcured and aged
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specimens show exceptionally good strength retention at all test
temperatures. The strengths of postcured specimens was slightly
higher at -168°C (-270°F) and room temperature than the aged
specimens, equivalent at 204°C (400°F) and slightly lower at 316°C
(600°F). All failure modes were by interlaminar shear. The rel-
ative performance of postcured and aged specimens is presented

graphically in Figure 110 and tabulated data in Table 30.
Tension and Flexural-Chopped Fiber Molding

Four batches of chopped fiber molding material were evaluated.
These varied in areal weight of the starting prepreg tape and
chopped fiber length, The material batches and variations are

noted below 1n the order of evaluation.
Batch A - Areal weight: 66.8 gm/m2
Fiter length: 1.27 to 2.54=ca (0.5 to 1 in.)

Batch B - Areal weight: 153.7 gm/m2
Fiber length: 1.27-cm (0.5 in.)

Batch C - Areal weight: 60.4 gm/m2
Fiber length: 1.27-cm (0.5 in.)

Batch D - Areal weight: 67 gm/m2
Fiber length: 2.54-cm (1 in.)

Flexural specimens were molded from all batches. Tension spec-~
imens were molded from batches A and B. Average properties are

presented in Table 31,

Fabrication - Structural Elements

Hat-section and "I" stiffened panel design requirements,
design assumptions for optimization of panel configuration,

analysis, and supportive calculations for the designs are presented

in Appendix D.
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Hat-Stringer Stiffened Skin Elements

The detailed process description for fabricating hat-section
elements is presented in 3.2.3. Difficulties were encountered
during fabrication of some later 193-cm (76 in.) long hat ele-
ments in the form of (:ﬁso) layers locally wrinkling along the
upper cap corners, Wrinkling was caused by insufficient compact-
ion of the 30.5X193-cm (12,0X76.0 in.) 16 plies thick unidirectional
cap preform during the imidizing cycle. However,; NDI C-scan test

results showed that essentially void free parts were attained.

The wrinkling problem was resolved by modifying the uni-
directional cap imidizing procedure by applying 84KN/m2 (25 in.
Hg) vacuum plus 172KN/m2 (25 psi) autoclave pressure at the end
of the 114°C (240°F) cycle. Resultant preforms were reduced in
bulk thickness from 3,30 to 3,56-mm (0.13 to 0.14 in.) to 2.79
to l.41-mm (0,11 to 0,095 in.,) which decreased material movement
during final compaction in the cure process. The Celgard contained
the resin during pressurization and no excessive losses were noted.
Additional debulking of the lay up was accomplished after final
lay up using a molded silicone rubber caul at room temperature
under 689 KN/m2 (100 psi). The resultant preform on the aluminum
mandrel closely matched the shape of the rubber caul, producing
smooth, wrinkle-free surfaces. Hat elements were autoclave molded
using the in situ cure process described in 3.,2.1.1. Excellent
NDI C-scan test results were obtained on all hats in the cured and

postcured conditions, as typically shown in Figure 111.

Concave warpage of the hat stringers occurs along the element
flange and inside cap length with a maximum flatness deviation of
approximately 5.08-mm (0.20 in.) at the midpoint as shown in the
photograph, Figure 112, This condition was partially removed after
bonding the three hat elements (EX191, EX193, EX195) to skin (EX197)
and was almost completely removed when the 193-cm (76 in.) long
skin/stringer assembly was cut into five 30.48-cm (12 in.) long
test sections, Specimen No's EX195-1, -2, -3, <4, =5, This length-

wise concave warped conditions is caused by imbalance in the hat



design, where the major quantity of fiber contained in the cap
section places the part's neutral axis off center. This condition
would have posed a problem in the test of the stringer stiffened
skin elements that were to be delivered to NASA-LaRC in Task (e)

of the program, since nonuniform cap-skin loading would result from

the concave condition.

To resolve this problem, the 127-cm (50 in.) long hat mandrel
tool was modified by reverse rolling it concave to the cap surface,
6.35-mm (0.25 in.) at the midpoint. This modification, 1,27-mm
(0.05 in.) more than actually observed in the elements as they are
removed from the tool, was made on the assumption that upon removal
from the reverse cured tool after curing, the hat element would
approach a flat condition. Any minor longitudinal warping, con-
cave or convex, would be eliminated when the hat is bonded to the

skin.

This approach was verified in molding hat elements EX249 and
EX250 to be used in fabricating hat-stiffened skin/stringer ele-
ments in Task (e). These parts were fabricated, per specific pro~-
cedures defined in 3.2.3 on the reverse formed tooling., Resultant
hat elements were flat and linear with no warpage. The photograph

in Figure 112 shows the flatness of the hat element.

Due to the hat tooling mass, heat rise rates during the in
situ imidizing cure cycle are extremely low. For example in the
final critical temperature range between 257 to 271°C (500 to
525°F) the average heat rise rate was only 0.51 to 0.55°C (0.92 to
1.0°F) /minute. Figure 113 gives actual heat rise rate ranges
observed during two hat element autoclave curing cycles. This
indicates that the LARC-160 system is apparently not affected by
long dwell periods close to the hot melt resin flow point, demon-
strating that a large processing window exists, Heating rate com=-
parisons are plotted in Figure 113 for typical flat panels, which
show 340 minutes total cure time versus 590 minutes for hat ele-

ments, not counting cool-down.
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The vacuum bag oven cure employing the pressure augmentation process
was used to bond the three hat elements to skin using FM34B-18, 439
grams/m2 (0.09 psf), adhesive., Tooling was improved for fabrication
of the subsequent 193-cm (76 in.) long article, EX195, by employing
inverted "I"-bars to distribute bonding pressure to hat flange/bond
areas. This innovation improved handling and assembly of tooling
elements. The tooling concept is shown in photographs, Figures 114
through 118. A section of the NDI C-scan recording of the hat-to-

skin bond is shown in Figure 119.
"I" Stringer Stiffened Skin Elements

The detailed process description for fabricating "I" section
elements is presented in 3.2,2, NDI C~scan tests showed consider-
able void areas in the caps. To determine the void characteristics,
120X photomicrographs were taken of discreet cap areas where both
1007 and 07 sound penetrations were recorded. From these it was
determined that the void shapes were irregular micron sized pits
distributed throughcut the cap thickness. The cap side showing
1007 sound penetration showed no voids in the photomicrographs.
Actual respective void volumes detemined analytically were 8.31%
and 1,137 and fiber volumes 58-627, NDI C-scans and photomicro-

graphs of the "I"-stringer cap are shown in Figure 120.

"I"~stringers were bonded to the skin assembly with FM34B-18
adhesive film on a 104 glass cloth carrier using the vacuum bag
pressure augmentation process. Since the maximum pressure augmen-
tation area~to-bond area available in this part design is only
1.5:1, an autoclave was required in the bonding operation. A
minimum 3:1 pressure augmentation area to bond is required for
one atmosphere oven bonding operations. The bonding sequence is

shown in Figures 121 through 125,
Honeycomb Sandwich Panel Elements

Fabrication of sandwich panel EX150, 63.5x71.1x4.85-cm
(25.0x28.0x1.91 in.) was accomplished in accordance with processes

described in 3.2.4, The skins were comprised of unbalanced (002,
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+ 45°, 0%), 5 ply, nominal 0Q.144-mm (5.7 mil)/ply unidirectional
tape. NDI C-scan recordings indicated a good skin to core bond

was attained,

Celion IK, 34x35, 5 harness satin weave graphite fabric/
LARC-160, 20 ply doubler stock was fabricated using the two stage
processing, imidization and autoclave curing. Panel size was
30.5%x60.9%0.33-cm (12x24%0,130 in.). NDI C~scan showed 1007% trans-
mission; a recording is shown in Figure 126. Doubler stock was
machined to a tapered configuration and bonded to the ends of each

sandwich element with FM34B~18 adhesive film.

Preparation and Testing - Structural Elements

All structural elements were tested on a 1957KN (440,000 1b,)
capacity Tinius Olsen universal testing machine. Test preparation

and testing was accomplished as follows:

o Specimen ends were ground flat and parallel te within

+ 0.127-mm (+ 0.005 in.).

o One half of all structural elements were aged 125 hours
at 316°C (600°F). Initial weights, and percent weight

loss after aging are shown in Table 32.

o Hat-and "I"-stiffened skin/stringer panels were sta-
bilized at each end by potting in place to approximately
1.27-mm (0.50 in.) thick to match equivalent thickness
precision ground tool steel load plates. Potting ma-
terials were selected based on test temperature and
processed as shown in Table 33, Sandwich panel ends
were stabilized by the tapered doublers described in
paragraph 3.3.4.3. Doublers were clamped between par-
allel bars resting on the test bed during test to pre~-

vent specimen ends from spreading.

o Bi-axial gages were positioned and bonded at the mid-
point of the center stringer cap and skin, in a back-
to~-back pattern and in rosette, 00, 452 902 on one webof

the center stringer. Sandwich panels were instrumented
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with back-to-back strain gages in rosette, Oo, 450, 900,

at the midpoint.

o Hat and "I"-stiffened skin/stringer panel edges were
clamped to provide fixity; sandwich panel edges were

not clamped.

o Specimens were positioned in the test machine on a
special spherical seat fixture designed to ensure optimum
axial alignment. A pre-load of 2244 to 8896 N (500 to
2000 1b,) was applied and the specimen was aligned by
adjusting the spherical seat to match back-to-back skin
and hat cap axial strain gage deflections to a tolerance
of 50u. Typical specimens are shown in position on the

test machine in Figures 127 through 130,

o After stabilizing at test temperature, a compressive load
was applied incrementally up to the individual specimen
calculated design ultimate. Strain measurements were
taken at each loading increment. Specific target ultimate

loads are shown in Table 34.

Test Results - Structural Elements

Data are summarized in Table 35 and load/strain curves are
presented in Figures 131 through 150. Figures 151 through 165 show

failures modes of elements that failed during test,

All of the room temperature elements met the design ultimate
load requirement of 525KN/m (3000 1b./in). Specimen EX109/EX110A
hat stringer failed while being held at the predicted ultimate
load, showing good correlation between theory and design practice.

A small degree of strength degradation was noted in the hat stiffen-
ed skin/stringer element EX109/EX110B during -168°c (-270°F) testing
where failure occurred at 117 KN (26,250 1b.), 3.47% below room
temperature design ultimate., This specimen had previously been test-
ed to design ultimate of 120.8 KN (27,150 1b,) at room temperature
and then fatigue tested to 265,000 cycles, 57 to 677 of design ultimate

(compression/compression). Premature failure may have been caused



by the combination of previous static and fatigue testing and resin

embrittlement at -168°C (~270°F).

The strain gage data showed, for the most part, linear com-
pression properties for the section designs tested. This was most
apparent in the tests on the two honeycomb panels, which represent
a balanced section and the six "I"-stringer panels which are un-
balanced. The unbalanced hat-stiffened skin/stringer elements show~
ed fairly linear strain increase until just before failure where it
was found that probable local instabilities caused fairly large
excursions in the gage readings in some test cases., The nonlinear-

ity would be aggravated if the section designs were more unbalanced.

In terms of structural efficiency, the hat-stiffened panel
yielded the lightest weight design. It should also be noted that
the (00, + 450, 90°)s skin configuration of the hat-and "I"-stiff-
ened panels was dictated as a design requirement, and thus these
sections did not represent optimal designs. A measure of the
structural efficiency of these configurations may be obtained by
plotting the design parameters as shown in Figure 166. The relative

weights per unit area of the three configurations are as follows:

Hat-Stiffened panel: 4 .5Kgm/m® (0.939 1b/£t2)

"I"-stiffended panel: 5.]Kgm/m2 (1.04 1b/ft2)

Honeycomb panel: 5.6Kgm/m2 (1.14 lb/ftz)
A}
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4.0 DEMONSTRATION COMPONENTS

TASK (d) - LAMINATE FABRICATION

Three laminates, 64x127-cm (25x50 1n.), were fabricated using
0,127-mm (5 mil), 30.5-cm (12 1inch) wide prepreg tape. Laminate
ply orientation was (0°, * 45°) symmetrical about the neutral axis.,
The laminates, indentified as CL6C-11, CL12C-6, and CL24C-7, were
0.75, 1.5, and 3.0-mm (0.030, 0.060, and 0.120 in.) thick having
6, 12, and 24 plies of prepreg tape respectively.

Two stage processing, imidization and cure, of the laminates
was accomplished as described in 2,3.1.,2, After post curing for
four hours at 316°C (600°F), the laminate panels were C-scanned and
trimmed to finished dimensions, 60x120~-cm (24x48 in.), C-scans are
shown 1n Figures 167, 168, and 169. Laminate physical properties

are presented in Table 36,
TASK (e) - SKIN/STRINGER PANEL FABRICATION

The secondarily bonded hat-section stringer configuration,

rather than the "I" stringer was selected on the basis of the test
data (presented in 3,3.6) which showed that both met load require-

ments, with the hat configuration having a weight savings advantage.

Prepreg tape, 0.145-mm (5.7 mil) thick and 30.5-cm (12 in,)
wide, was used for fabricating the laminate skins and hat-section
elements for the three demonstration articles required by this task.
Laminate and hat-section processing is described in 3.2.1.2 and
3.2.3. Assembly bonding of the three hat-section to the laminate

skin was accomplished as described in 3.3.4.

The completed skin/stringer panels, measuring 26x122-cm (10,2
%48 in,) are shown in Figure 170, An end view of one panel 1is
presented in Figure 171, NDI C~scan recordings of the FM34B~18
adhesive stringer to skin bond areas are shown in Figures 172 and
173. C-scans typical of the laminate skins and hat-sections are

shown 1in Figures 174 and 111,
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TASK (f) - HONEYCOMB PANEL FABRICATION

Six honeycomb sandwich panels 25,4x24.4-cm (10x10 in,) were
required by this task. These panels consisted of 0.15-cm (0,060 in,)
thick, (09, 90°)t face sheets bonded to 2.54-cm (1 in,) thick
glass/polyimide (HRH 327) honeycomb cure having a .48-cm (3/16 1n,)
cell size and 64.04 Kg/m3 (4,0 1b/£t3) density., The face sheets
were bonded to BR34 primed core with FM34 adhesive, 0,44 Kg/m2
(0.09 psf). Face sheet to core bonding was accomplished as defined

in 3.2.4,

Two 12-ply laminates, designated as CL12C~8 and CL12C-9, 61x
91-cm (24x36 in.) were laid up using 0.127-mm (5 mil) prepreg tape,
The layup was such that the (00, 90°), fiber orientation was
symmetrical about the neutral axis of the honeycomb core. Laminate
cure was as defined in 3.2.2, Postcure of the laminates was
accomplished in two stages: two hours at 3169C (600°F) free stand-
ing and two hours at 3160C (600°F) in the bonded condition which
also postcured the adhesive bond line. Physical properties of the
postcured laminates are shown in Table 35. Specimens for physical
properties determination were taken from laminate trim areas and

received the full four hour exposure,

C-scans of laminates CL12C-8 and CL12C-9, showing the location
of the three face sheets 28x56-cm (11x22- in,) cut from each are
presented in Figures 175 and 176. Face sheet pairs 8C9C, 8A8B, and
9A9B were bonded to honeycomb core, C—scans of the three sandwich
panels, identified as 8A, 9A, and 9C, and showing the location of
each 25.,4x25.4-cm (10x10 in.) panel, designated #1 through #6, are
shown in Figures 177, 178, and 179,

TASK (g) - CHOPPED FIBER MOLDING FABRICATION

Six chopped fiber molding were fabricated using the longer fiber
length/lower areal fiber weight molding material (Batch D) noted in
3.3.3.5. The moldings were made using the NASA/BAC matched metal
molds utilized in performing a similar task for Contract NAS1-15009

(Graphite/PMR-15 Composite Materials), The molding procedure is



is defined in 3,2,5. Part configuration is shown in Figure 180,
Figures 181 and 182 show the charged matched metal mold and a

finished part.
TASK (h) - TECHNOLOGY DEMONSTRATOR SEGMENT

The initial intent of this task was to fabricate a represent-
tive demonstration component of the Space Shuttle aft body flap.
It was intended that the component design would incorporate all
processes and structural configurations developed in task (a)
through (g) to demonstrate manufacturing feasibility of graphite/
LARC-160 to full-scale structures, An example of such a demon-
stration component, presented in the program proposal, is shown 1in

Figure 183,

The requirement of this task '"to fabricate a representative

demonstration component" was later changed 'to fabricate a represent-

ative structural test component'", This structural test component
has been given the designation of Technology Demonstrator Segment
(TDS). The completed TSD, ready for installation of instrumentation

for ground testing, 1s shown in Figure 184,

In changing from a demonstration to a structural test com-
ponent, the complexity of the task changed correspondingly. All
aspects of design, tooling, NDI, fabrication, and assembly became
more critical. To implement this change, the scope of Contract
NAS1-15843 (Develop, Demonstrate, and Verify Large Area Composite
Structural Bond with Polyimide Adhesive) was amended to fabricate
the cover panels, ribs, and leading edge covers of the TDS, Fab-
rication of the remaining TDS components and final assembly

operation was accomplished under this program, Contract NAS1-15371,

All fabricated elements of the TDS, i,e., .solid .laminate
structures, laminate skins, and bonded honeycomb panels, were non-
destructively inspected and the results recorded and filed, NDI

records for the TDS are not included in this report because of
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volume considerations and also because many of the recordings, being

very large, would lose definition when reduced for report inclusion,

TDS Selection Rationale

Increase in orbiter inert weight during maturation of the
design adversely affects the deliverable and recoverable payload
weight capability, The decreased deliverable payload could be
restored with additional Shuttle system propulsion, but the decreased
recoverable weight cannot be restored in this manner, However,
reduction of the basic orbiter weight could result in the restoration
of both the deliverable and recoverable payload weight. Significant
weight savings are predicted for application of advanced composites

in orbiter structural components,

Early Shuttle orbiter studies showed that the use of advanced
composites on the vertical tail, elevon, and aft body flap would
achieve significant weight savings, particularly 1f high-temperature
graphite/polyimide (Gr/PI) were employed. In 1976, the NASA selected
the orbiter body flap as a demonstration component for the Composites
for Advanced Space Transportation Systems (CASTS) program, Since
that time, orbiter composite—structures IR&D studies have emphasized
the body flap, In FY 1976, a preliminary design concept for a body
flap was identified., Adhesive bonding of joints was used through-
out, thus eliminating stress—concentration and fatigue problems
associated with mechanical fasteners, In FY 1977 through 1980, the
design data base for Gr/PI structure was expanded through an

extensive test program of body flap related subelements,
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The body flap was chosen because 1t 1s a large, relatively
simple, and easily retrofittable structure, It 1s subjected to
extreme acoustic (165dB OASPL), aerodynamic (13.8 KN/m?), and
thermal (1482°C) environment, The flight environment would thus
thoroughly test the advanced structural concepts and demonstrate

feasibility of application to other Orbiter structures.

Structural weight reduction and increased performance can be
realized by taking advantage of the large strength—-to-weight and
stiffness—to-weight ratios of advanced composites., Savings of up
to 145Kg (320 1b) of the total body flap structure/TPS weight can
be realized by application of 3169C (600°F) structural allowable
Gr/PI. 1In comparison to the baseline aluminum structure (177°C
structural allowable), Gr/PI has reduced TPS requirements; and the
TPS tiles can be directly bonded to the Gr/PI substructure because

of the thermal compatability and stiffness of the components.

The design of the TDS simulates a section of the orbiter aft
body flap incorporating three ribs and extending from the forward
cover panels to the rear spar as shown in Figure 185, This section
is 137x152-cm (54x60 in), 43-cm (17 in) at the front spar, and

18-cm (7 in) at the rear spar,.
Specific objectives of the TDS were as follows:

o Verify advanced composite design/analysis techniques,

o Develop and verify manufacturing techniques for
large, complex Gr/PI structure.

o Demonstrate the integrity of Gr/PI all bonded
structure to sustain orbiter aerodynamic, thermo-

dynamic, and acoustic environments,

TDS Front Spar Fabrication

The TDS front spar panel (Appendix E, SS79-00253) is a bonded
structure consisting of a honeycomb sandwich panel having a
13,33-cm (5,25 in) diameter access opening edged with a "U" shaped
ring laminate, solid laminate "h'" shapes framing the honeycomb

panel, and laminate doublers backing the "h" section,
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Honeycomb Sandwich Panel Fabrication

Laminate fabrication and sandwich adhesive bonding processes
were performed as described in 3.2,1.2 and 3.2.4 except for minor
modifications in the laminate bagging assembly procedures. Bag-
ging assembly for imidizing and curing of the 4-ply (0°, * 459, 900)
laminates for the honeycomb sandwich are shown in Figures 186 and
187, Assembly bagging of laminate skins to honeycomb core for
adhesive bonding is presented in Figure 188, A C-scan recording
of one honeycomb sandwich panel prior to machining is shown in

Figure 189,
"h" Frame Fabrication

A three section tool, shown in Figure 190, was used to fab-
ricate the "h" frame members for the front spar panel. The "h"
frame was comprised of the three laminate layup shapes: £flat, "Z2"
and "U". Each laminate layup was imidized on the respective tool
section., After imidization "Z" and "U" laminate layups and tool
sections were assembled, an imidized unidirectional fillet section
was placed in the space between "Z'" and "U" laminates, and the
flat laminate and flat tool plate were positioned to complete the
layup/tooling assembly. This was bagged and autoclave cured,

Laminate processing was 1n accordance with 3.2,1.2, A completed

section, before machining, is shown in Figure 191.
"U" Closeout Ring Fabrication

The "U" closeout ring was fabricated in four 100° arc seg-
ments from woven Thornell 300/LARC-160, The segments were fab-
ricated using the tool shown in Figure 192, Laminate processing

was in accordance with 3.2,1.3,
Front Spar Panel Assembly

A two piece aluminum picture frame tool was developed for
assembly bonding of the front spar panel, Figure 193 presents a
detail of the tool showning its application for bonding the "h"
frames and doublers., FM34B-18 adhesive was used for bonding. Bond
processing was in accordance with 3,2,4, Elements of the front spar

assembly and the completed assembly are shown in Figure 199 and 195.
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Front Spar Tee Fabrication

The three configurations of the front spar Tee members, SS79-
00253-003, -004 and -005 are presented in Appdendix E. A typical
tool for Tee fabrication 1is shown 1in Figure 196, The Tee members
consists of three sections (two opposed "L" laminates and a flat
laminate) and a unidirectional fillet to fill the space at the

laminate junction,

The Gr/PI laminates and fillet section were imidized on the
appropriate tooling. Typical imidization setup for an "L" lam-
inate is shown in Figure 197. Following imidization, the tooling
was assembled with the Gr/PI fillets in place. The assembly was
bagged as shown in Figure 198 and autoclave cured. Proccessing
was in accordance with 3.2,1.3. A typical Tee is shown 1n

Figure 199.

TDS Rear Spar Fabrication

The TDS rear spar, SS79-00253-006 is presented in Appendix E.
It was fabricated on steel tooling, shown in Figure 200, dimension-
ally corrected for differences 1in thermal coefficient of expansion
between the Gr/PI laminate and the tool, Laminate layup, imidi-
zation and autoclave cure was conducted 1in accordance with 3,2,1.3.
After C-scan inspection, load introduction Pi sections were bonded
in three places using FM34B-18 adhesive on the spar OML in line

with the TDS ribs., The completed aft spar is shown in Figure 201,

Rib Modification for Load Introduction Plates

Installation of the load introduction plates on the TDS for
subsequent mechanical testing required flat and parallel rib inter-
face surfaces. To meet this requirement, 1t was necessary to shim
the interface surfaces of the rib Pi caps (5S579-00251-002) and the
front spar Tee (5579-00253-003) to achieve co-planar and parallel
surfaces, Shims were fabricated from graphite fabric/LARC-160 and
bonded to the TDS rib assembly in the areas shown in Figure 202
using FM34B-18 polyimide adhesive. Only minimum machining was
required to establish the co-planar and parallel condition after

bonding.
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After shim bonding, the location of holes for attaching the
load introduction plates to the rib was established using a trim/
drill template. These locations in the rib were potted to provide
a solid area for bolt clamp-up pressure in the rib honeycomb core,
The potted rib and load introduction plates were match drilled to

the trim/drill template using diamond core drills.,

Alignment of Ribs to Covers

TDS cover panels (SS79-00250-008) were net trimmed and the
location of the three rib assemblies was carefully laid out on the
IML skin of the one panel., The three ribs were rigged into position
and securely spring~clamped to the cover forward and aft closeout
channels (S8S79-00250-005 and -006) after establishing the optimum
inplane condition for the aft spar attach caps (S5S79-00251-003)
and the open rib Pi caps (S579-0025-002) aft of the Tee (SS79-
00253-003). At optimum rigging, the open rib Pi caps were inplane
while the center rib aft spar attach was out of plane by approx-—

imately 0,25-mm (0.010 in.).

In the clamped position, tooling holes were drilled in the rib
Pi cap base and the cover IML skin/inner aft closeout channel leg,
two places each rib, and slightly aft of the Tee in the rib Pi
cap base and the cover IML skin, also two places each rib. Mech-
anical fasteners were installed in the aft tooling holes and the

spring clamps replaced with C-clamps.

The clamped partial assembly was placed on the second cover
panel, The two cover panels were squared using large 90° tooling
knees and perpendicularity of the three ribs to the cover panels
confirmed. The ribs were clamped to the cover panel, tooling
holes drilled and mechanical fasteners installed as previously
described. Faigures 203 and 204 show the TDS in the completed
rigged condition and the mechanical fasteners at the aft end
holding ribs to covers,

Tees (SS79-00249-004 and -005) were positioned with respect
to the rib Tees (SS79-00253-003), clamped in place and tooling

holes drilled for precise location,
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Assembly of the TDS

Assembly of the TDS was accomplished 1in three stages as

follows:

0 Stage 1 -~ Bonding of the ribs and front spar Tees to upper
and lower cover panels.

0 Stage 2 — Bonding of the lower leading edge cover panel and

aft spar to the above.

o Stage 3 - Mechanically attaching the upper leading edge
cover and front spar panels to complete the

assembly,
TDS Assembly — Stage 1

All bond faying surfaces of the upper and lower cover panels,
ribs, and front spar Tees were cleaned to obtain a water break
surface and primed as defined in 3,2.4, FM34B-18 adhesive film,
b Kg/m2 (0,09 psf), was applied to the prepared surfaces,
Covers, rib, and Tees were assembled to the rigged positon estab-

lished in 4.5.5.

This assembly was prepared for autoclave bonding as shown in
Figure 205, The open channel closeouts, at the forward and aft
end of the cover panels, were filled with honeycomb core, as
shown in Figure 206, to prevent buckling under bonding pressure.
All glass breather plies were taped in place to prevent movement
and facilitate the bagging operation., The assembly was enclosed
in an envelope bag which was appropriately tailored for the two
cavities formed between ribs and covers. Thermocouples were
placed to monitor the cure, Figure 207 shows the assembly with
breather in place ready for bag installation., A view of the
envelope bag through one of the two cavities is shown 1in Figure
208, Five vacuum valve stems were installed in the envelope bag:
four active and one static, The bagged assembly was autoclave
cured under full vacuum and 172 KN/m? (25 psi) augmenting pressure

at 191°C (3759 ) for two hours.
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After cure all bagging materials were removed and the bond
areas were visually and nondestructively inspected, NDI utilized
harmonic bond testing, Figure 209, and ultrasonic pulse echo
contact testing with a delay, Figure 210. Manual recordings were

made of any discrepant areas.,

The bonded assembly was postcured for two hours at (316C)
600°F,

TDS Assembly ~ Stage 2

The bond faying surfaces of the ribs, cover panels, lower
leading edge cover and aft spar assembly were prepared for bonding.
FM34B-18 adhesive film was applied to the prepared surfaces and
the lower leading edge cover and aft spar assembly positioned,

The open channel closeouts of the lower leading edge cover and
mating, forward, open channel of the lower cover were filled with
honeycomb core, A teflon tube was inserted in the aft open chan-
nel closeouts of the upper and lower covers as shown in Figure
211, These tubes extended through the bay and provided equalized

pressure during cure,

Bagging, cure, and NDI were as noted in 4.,5.6.1. Figures
212 through 216 show the assembly with breather plies 1in place
and after bagging., After cure and NDI, the bonded assembly was

postcured,
TDS Assembly - Stage 3

Attachment holes in the front spar panels were diamond core
drilled using an applied trim/drill tool, The drilled panels
were positioned to the front spar Tees for match drilling of holes
in these attaching members, All drilling operations were per-—

formed with proper backup to prevent fiber breakout on drill exit.

The upper leading edge cover shown in Figure 217 was trimmed
to net dimensions on the ends and aft edge. This was positioned
on the assembly and forward end trimmed to match the rib trim as

shown in Figures 218 and 219 respectively,



Attachment locations were laid out on the upper leading edge
cover at the aft edge and ribs were diamond core drilled, Potted
inserts were installed for the rib attachments, The cover was
clamped in the assembled condition and holes match drilled through

the ribs and upper Tee elements of the front spar,

The completed TDS has been delivered for installation of
strain gages, thermocouples, and deflection transducer mounting

pads in preparation for the ground test phase of this program.
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5.0 CONCLUSIONS

The objectives of this program, to develop processes and fabricate
demonstration components, have been accomplished, Principal accomplishments
and their importance to potential application of graphite/LARC-160 material
to Aerospace structures are presented in the areas of process development

and component fabrication.

5.1 PROCESS DEVELOPMENT

Quality Assurance of the material system has been furthered
by implementation of specifications for material procurement and
fabrication processing. Also, nondestructive inspection techniques
have been advanced by the cooperative efforts of Langley Research
Center and Rockwell International in the establishing of "A"

standards for C-scan inspection.

The chemical characterization activity demonstrated the
applicability of high pressure liquid chromatography (HPLC) tech-
niques for characterizing the chemical composition of LARC-160
polyimide resin and 1ts mechanism of polymerization, However,
this investigation also determined that the HPLC methodology
needs further refinement to obtain better reproducibility and
improved quantification to satisfactorily analyze all components
of the LARC-160 system, At present, it can be said that HPLC
provides an indication of material acceptability which must be

fully substantiated by appropriate mechanical testing,

The Resin Variables Study indicated the basic range within
which changes in both resin formulation and processing could occur
without degradation. However, it must be noted that the vari-
ation matrix presented in the text could be greatly expanded to
include more subtle variations which could not be evaluated with-

in the scope of this program,
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Specific processing was developed for fabrication of flat
laminates, stiffened panels, honeycomb sandwich panels, and
chopped fiber moldings. These processes were demonstrated by
fabricating demonstration components which were delivered to

LaRC.

Developed processes were qualified by fabrication and mech-
anical testing., The test data presented 1in this report provides
an adequate starting point for further effort directed to the
establishment of design standards necessary for effectual

application of the LARC-160 system,

DEMONSTRATION COMPONENTS

The fabrication of demonstration components, laminates,
stringer stiffened panels, honeycomb sandwich panels, and chopped
fiber moldings, Task (d) through (g), demonstrated the appli-
cability of developed processes to scaled-up structure, Fab-
rication of the Technology Demonstrator Segment (TDS), a full-size
segment of the Space Shuttle aft body flap, demonstrates the
applicability of the processes to a manufacturing environment,
The TDS is one of the largest all bonded Gr/PI structures fab-

ricated to date,

The results of this program demonstrates that Gr/LARC~160
is a viable material system for structural application. To
achieve its potential, however, further development effort must

be expended,
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Figure 20. Ion-Pair Liquid Chromatographic Separation of LARC-160 Polyimide Resin
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Figure 22. Relative Methylene Dianiline Concentration in LARC-160 Neat Resins

and Prepregs by HPLC Analysis
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C~-Scan Resin Variable No. 3

Figure 25,



Resin Variable No. 4
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C-Scan Resin Variable No. 9

Figure 31.



Sw
O e
n _..Uﬂ w
v ul =
v 2
ul o
Q<L
S =
e B¥ | e
=
> S = b
17,3
(B
Wy
i
=N~
rNuR T.I_.\
2 o8 o
=7, O > |~
bl Z <8
< o < Zm
<
e Y
T
[
o= o N
[ mz o
§ e
S a %)
O <L
=
- e~
o I —
2N O o
Wi — S N
2N ju<x | o
<€ < o o o~
o o~ o~
E N
[« 7]
o

C~Scan Resin Varilable No. 10

Figure 32.

114



PROCESS
VARIABLES

REFLUX
TIME

S

COOK
TIME

2HRS
@ 79¢C

ON

FORMULATI

VARIABLES

CONC
ANHYDRIDES

STD

CONC.
AP-22

STD

PANEL

EX213

PREPREG RUN
& (BATCH)

1
(22953)

C-Scan Resin Variable No. 11

Figure 33.

115



Suw
J=x | 2
7 0 i w
v w RT
@ 3
W oo
L3 <C
S -
E% |xw|,8
= |8=% 2
QO ~N®
(V2]
Ll
=
O - o
z< |
= Sl w
Sw | O >
Pl =
< @ <
-t <L
2z
e <
o = o~
b sVl B
S a »
O = ,
£
T
or X —~
D= | gE |« &
- s
zN jux Do
< X & o o~
[+ 55 0, o~
E S
)
&

12

C-~Scan Resin Variable No.

Figure 34,

116



,:.nmilh

i

i

REFLUX
TIME

C0o0K

ONC
AP-22 ANHYDRIDES TIME

CONC.

& (BATCH)

3107)

(2

. 14

Variable No

ure 36. C-Scan Re

118



jl

’

hi ’:

l
il
)

J

!u
!"il;

)

b
i

| "~' '];;} i
Mf
; ]| M l‘i | ;1!

l I
1‘; Li;,}!l;[!
t;'i1 . Wl“‘
;["lwm L

I Giift i
e R
| R T

:' e
’r{i "[}"H
i Ihﬂlf

| « J“‘
| m;i!h“

'M

l‘ | #'v'ﬁi*d'*

il

ﬁ ‘,'.:,;'«“a,"4’§.1'.zt1;i}u| e
! ’i : !;’ ;’1" l'iti' W' i ‘l

(
ot

PANEL FORMULAT I ON PROCESS
EX216 VAR|ABLES VAR|ABLES
PREPREG RUN | CONC. CONC. COOK | REFLUX
¢ (BATCH) AP-22 | anwyoriDES | TiME | TIME

T STD ANCHA
(23107) AMINE DL STD STD STD

Figure 36. C-Scan Resin Variable No. 14




",

ottt ANt

s R e

iR ot

LT (T

T ”uuqulﬂlllllillllilllulllhtﬂzymumﬂm! (G R |Immmuqllllljlmlmlmuf;f!!rlm,nhuuqlqIm '
l'mI!mmm,’“"mmml"lm’!!.‘!!!m.]nl'.x,l.vw‘ ! ' |y"!'.'.'|l,'|l:l;'!',",‘b,l,l.h.'llmt’l.;!|l|‘|4[:|‘|‘|l | LF l"'. !,.,.,.,..,..,.,,l.,.‘.:;;.;,;.:3:;;,;;;lmnnliﬂuh‘mwf
PANEL FORMULAT | ON PROCESS
EX219 VAR ABLES VARIABLES
PREPREG RUN CONC. CONC. COOK | REFLUX
& (BATCH) AP-22 | ANHYDRIDES | TIME TIME
15 STD ;
(23236) ToNox 22| TP STD | STD

Figure 37. (C-Scan Resin Variable No. 15

i
I
|

|

i
!

’l

if

AAAAA l 'li

119



REFLUX
TIME

STD

PROCESS
VARIABLES

CooK
TIME

STD

VARIABLES

CONC
ANHYDRIDES

STD

- FORMULATIONM

CONC
AP-22

STD

PANEL
EX219

PREPREG RUN

¢ (BATCH)

16
(2L4266)

Figure 38. C-Scan Resin Variable No. 16

120



1T

LARC 160 VARIABLES
VsriaZion mn 75 wi?4 c/;m/e »

APz Chne
350
3 70
0]
—
~-360 -
/
0] - —

AN - 350 - ©
Q -

- —

LN —
-

\\\ - 330

—320 DoTen? 997 7ME)900 TH

Lxbansion 7o e, /00 "";/ﬂ
1 { ] ) 1 i i ¢ Load
-/0 -5 -2 O +2 + S +/0 d,‘/mm .

Kanc’. i/".?.z) %

Figure 39. Variation in Tg With Change in AP22 Concentration
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Figure 40. TMA-Tg Values, Amine Variables
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Figure 44. C-Scan of Laminate (Batch 23723) Imidizing

Pressure 16.9 KN/m2 (5in. Hg)
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Figure 45.

C~-

SENS."A" 4168 |
Scan of Laminate (Batch 23723) Imidizing Pressure 6.7 KN/m2 (2 in, Hp)
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Figure: 46.

C~Scan of Laminate (Batch 23725) Imidizing Pressure 16.9 KN/m2

(5 in. Hg)




3.3

3'3.1

TASK (c) - FABRICATION AND TEST

Fabrication ~ Mechanical Properties Specimens

Initial laminate panels to be used for mechanical properties
testing were laid up and autoclave cured using the single stage
in situ imidizing and cure process described in 3.2.1.1. These
panels were used to obtain all postcured condition mechanical prop-
erties specified in the test matrix, Table 10. Resin flow control
proved to be a problem using this cure cycle, sometimes resulting
in high composite fiber volumes in the range of 64 to 68%. All
laminates for specimen fabrication had essentially zero void con-

tent as determined analytically, and by NDI C~scan test,

Process optimization studies performed in Task (b) led to a
two stage processing requiring an imidizing cycle where volatiles
are removed to =< 27 from the stacked prepreg prior to the auto-
clave cure. Resin flow control was maintained during imidization
by low vacuum levels and a Celgard 4500 or 4510 microporous poly-
propylene film which allows volatile matter to escape through a
perforated tooling plate while the membrane contains the low vis-
cosity resin. Excess resin was absorbed into bleeder materials

calculated to yield a laminate with a target 60 + 27 fiber volume.

The autoclave cure was accomplished between two flat tooling
plates. Since the major portion of volatile matter was removed in
the imidizing cycle, the laminates were treated similarly to epoxy
materials. Final laminate cure was accomplished at 287°C (500°F)

for three hours or 326°C (625°F) for two hours.

This two stage process was employed in the fabrication of
all laminates for mechanical properties specimens that were aged
for 125 hours at 316°C (600°F), All panels had essentially zero
void with fiber volumes in the 61 to 637 range., NDI C-scan record-~
ings confirmed high quality and are shown in Figure 97 through 102,
The detailed description of this two stage processing is presented
in 3.2.1.2. Flexural and tensile specimens were molded from chopped

fiber using the compression molds shown in Figure 96 and 103, The

53



3.3.2

3'3.2.]

3.3.2.2

54

molding process used is described in 3,.2.5.

Testing - Mechanical Properties

Testing was performed in accordance with the matrix, Table 10,
Three specimens for each test mode and temperature were tested in

the postcured and aged, 125 hours 316°C (600°F), conditions.

Beam Test Description

Tension and compression critical beams were employed to

. . ) )
desermlze (0)t tension (Ftu’ E.s eult, %) and (O )t and (07, +
457, 90 )S compression (Fcn’ E. eultuZ) properties., The beam

designs are presented in Figure 104,

Analytical studies (Ref. 5) performed by Mr. Mark Shuart,
NASA-LaRC, proved that the 352 Kg/m3 (22 pcf) honeycomb core
significantly affects the measured strength and elastic modulus
properties of composite specimens. A computer program was develop-
ed by NASA-LaRC to assess the actual effect this core has on the
laminate properties and to establish property adjustment factors.,
Bulk core properties for both aluminum, 352 Kg/m3 (22 pcf), and
301 CRES, 639 Kg/m3 (40 pcf), core materials were developed by
Rockwell International and transmitted to NASA-LaRC for use in the
computer program in developing the composite property adjustment
factors. These data are shown in Table 11, Specific adjustment
factors are given in the individual mechanical property data Tables
12 through lﬁ.

During test, individual specimens were stabilized at each
test temperature for 10:]8 minutes prior to application of stress
at a head travel of 1,27-mm (0.05 in.)/minute. Data were obtained
by autographic recording of axial strain gages installed on the

composite specimens at the beam midpoint,
Tensile Test Description

Tensile coupons were employed to determine 0%¢e, (90%¢,
(+45°)s and (0°, + 45%)s and (0°, :_450, 90°)s tension properties.

Specific properties determined were F E , € u(z) and v,
t t? Tult,

U,
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Sens. " 4flef

Figure 47. C-Scan of Laminate )Batch 23725) Imidizing
Pressure 6.7 KN/m2 (2 in. Hg)
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Figﬁre 48, C-Scan of Laminate (Batch 23727) Imidizing
Pressure 16.9 KN/m2 (5 in. Hg)
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Figure 49. C-Scan of Laminate (Batch 23727) Imidizing
’ Pressure 6.7 KN/m2.(2 in., Hg)
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Figure 50.

LARC 160 Preliminary Cure Cycle
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Figure 51. Flat Laminate Autoclave Tooling Concept



COMPOSITE DESCRIPTION: EX 41

NO. OF PLIES/ORIENTATION: 32/0°

THICKNESS MM (MILS): 2.03-1.79 (80-70.4)
PANEL SIZE CM (INCH): 10.8x12.7 (4.25x5.0)
PROCESS VARIABLE: 163 C (325 F)

EX41

60 MINUTES (CONTROL). STANDARD
CURE AND POSTCURE CYCLE

COMPOSITE DESCRIPTION: EX 47

NO. OF PLIES/ORIENTATION: 32/0°
THICKNESS MM (MILS): 2.03-1.79 (80-70.4)
PANEL SIZE CM (INCH): 10.8x12.7° (4.25x5.0)
PROCESS VARIABLE: CURE PRESSURE EVALUATION

STUDY—1.0 N/M2 {150 PSI).

STANDARD CURE TEMPERATURE AND
POSTCURE

Figure 52. C Scan Recordings of Panels EX41 and EX47 Minimum Cure Pressure Study




EX48

COMPOSITE DESCRIPTION: EX 48 ]
NO. OF PLIES/ORIENTATION: 32/0° voro \
THICKNESS MM (MILS): '2.1-1.94 (83.2-76.8)
PANEL SIZE CM (INCH): 10.8x12.7 (4.25x5.0) .
PROCESS VARIABLE: CURE PRESSURE EVALUA-

TION STUDY--0.689 N/Me (100 PSI).

STANDARD CURE TEMPERATURE
AND POSTCURE

COMPOSITE DESCRIPTION: EX 49

NO. OF PLIES/ORIENTATION: 32/0° Ee

THICKNESS MM (MILS): 2.03-1.87 (76.4-73.6)

PANEL SIZE CM (INCH)}: 10.8x12.7 (4.25x5.0)

PROCESS VARIABLE: CURE PRESSYRE EVALUA-
TION STUDY--0.345 N/M (50 PSI).

STANDARD CURE TEMPERATURE AND
POSTCURE

EXTENSIVE MICRO AND
MACRO POROSITY

Figure 53. C Scan Recordings of Panels EX48 and EX49 Minimum Cure Pressure Study
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COMPOSITE DESCRIPTION: EX 74

NO. OF PLIES/ORIENTATION: 32/0°

THICKNESS MM (MILS): 2.1-1.9 (83.2-73.6)

PANEL SIZE CM (INCH): 10.8x12.7 (4.25x5.0)

PROCESS VARIABLE: CURE TEMPERATURE
EVALUATION STUDY-—329 C (625 F).

1.3 N/M2 (200 PSI). STANDARD
POSTCURE

COMPOSITE DESCRIPTION: EX 69

NO. OF PLIES/ORIENTATION: 32/0°

THICKNESS MM (MILS): 2.1-1.87 (76.4-73.6)

PANEL SIZE CM (INCH): 10.8x12.7 (4.25x5.0)

PROCESS VARIABLE: CURE TEMPERATURE
EVALUAIION STUDY—316 C (600 F)

13 N/Mc (200 PS1). STANDARD
POSTCURE

COMPOSITE DESCRIPTION: EX 70

NO. OF PLIES/ORIENTATION: 32/0°

THICKNESS MM (MILS): 2.3-2.2 (89.6-86.4)

PANEL SIZE CM (INCH): 10.8x12.7 (4.25x5.0)

PROCESS VARIABLE: CURE TEMPERATURE
EVALUATION STUDY—-302 C (575 F),

1.3 N/M2 (200 PSI). STANDARD
POSTCURE

Figure 54. C Scan Recordings of Panels EX74, EX69, and EX70 Minimum Cure P
Temperature Study
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EX72

’VOID

COMPOSITE DE;CRIPT!ON: EX 71

NO. OF PLIES/ORIENTATION; 32/0°

THICKNESS MM (MILS): 2.1-2.0 (83.2-80)

PANEL SIZE: CM (INCH): 10.8x12.7 (4.25x5.0)

PROCESS VARIABLE: CURE TEMPERATURE
EVALUATION STUDY—-288 C (550 F),

1.3 N/MZ (200 PSI). STANDARD
POSTCURE

COMPOSITE DESCRIPTION: EX 72

NO. OF PLIES/ORIENTATION: 32/0°

THICKNESS MM (MILS): 2.2-2.1 (86.4-83.2)

PANEL SIZE CM (INCH): 10.8x12.7 (76.4x5.0)

PROCESS VARIABLE: CURE TEMPERATURE
EVALUATION STUDY-—274 C (525 F)

1.3 N/MZ (200 PSI). STANDARD
POSTCURE

Figure 55. C’'Scan Recordings of Panels EX71 and EX72 Minimum Cure Temperature

Study
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BE DISPLACEMENT

PRO

SAMPLE: SAMPLE HEIGHT______ |X-AXIS SCALE___50 > | RUN NO
LOADINGONTRAY____ |Y-AXISSCALE______ % | pATE__/2-7-7F
PROBE: EXPANSION/PENETRATION Y-AXIS SENSITIVITY OI?ERATOR 5 o
ORIGIN: HEATING RATE e 2o ChART - -
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Figure 61. Typical Configuration for Debulking Celion/LARC-160 Prepreg
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C-Scan of Laminate Imidized at 163 C, 120 Minutes

Figure 68.

150



Figure 69. C-Scan of Laminate Imidized at 163 C, 150 Minutes
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Figure 70. C-Scan of Laminate Imidized at 163 C, 180 Minutes
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Figure 71. C-Scan of Laminate Imidized at 177 C, 60 Minutes
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Figure 72. C-Scan of Laminate Imidized at 177 C, 90 Minutes
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d at 177 C, 120 Minutes

Figure 73. C-Scan of Laminate Imidize
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Figure 74. C-Scan of Laminate Imidized at 177 C, 150 Minutes
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of Laminate Imidized at 177 C, 180 Minutes

Figure 75. C-Scan
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¢-Scan of Laminate Imidized at 191 C, 30 Minutes

Figure 76.
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Figure 77. C-Scan of Laminate Imidized at 191 C, 60 Minutes
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191 €, 90 Minutes

Figure 78. C-Scan of Laminate Imidized at
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Figtire 79. C-Scan of Laminate Imidized at 191 C, 120 Minutes
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Figure 80. C-Scan of Laminate Imidized at 191 C, 150 Minutes
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Figﬁre 81. C-Scan of Laminate Imidized at 199 €, 30 Minutes
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Figure 82. C-Scan of Laminate Imidized at 199 C, 60 Minutes
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Figure 83. C-Scan of Laminate Imidized at 199 C, 90 Minutes
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Figure 84. C-Scan of Laminate Imidized at 199 C, 120 Minutes
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Figure 85. C-Scan of Laminate Imidized at 199 C, 150 Minutes
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Figure 86. C-Scan of Laminate Imidized at 218 C, 30 Minutes
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Figure 87. C-Scan of Laminate Imidized at 218 C, 60 Minutes
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Figure 88. C-Scan of Laminate Imidized at 218 C, 90 Minutes
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Figure 89. C-Scan of Laminate Imidized at 218 C, 120 Minutes
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Figure 90. C-S5can of Laminate Imidized at 218 ¢, 150 Minutes
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Figure 91.
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Improved Two Stage Processing Cycle for Celion/LARC 160
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0.15 CM DIA  SMC RUBBER 7 PLY - 0° CAP
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ey

DEBULK - PREFORM OPERATION

o

RUBBER CAUL
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(£45) ¢

it

- 4 PLY

1 PLY 120
BLEEDER

CELGARD 4500
120 BREATHER
NYLON FILM BAG

7 PLY 0°

PREFORMED CAP ‘E%\

IMIDIZE OPERATION

FABRICATION 65 C, 1379 KN/m? AUTOCLAVE ,.
CELGARD 4500 \\\ Tx10ho/ \ PLY 120 BLEED ALUM CAUL BREATHER
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r \ A\ / BAG
A I —
| X J
1 1 I 1| £ 1 I § S § N | | 1T
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Figure 92.

Layup Sequence LARC-160/Celion "I'" Beam - Balanced Cap



MOLDING PRESSURE CRITERIA (1) (2)(3)

VACUUM PRESSURE AUGMENTED
PRESSURE TO AUGMENTER PRESSURE
LEVEL PLATE TO FILLET
INCHES
KN/m2 HG KN/m2 PSI KN/m2 PS|
6.75 2 6.75 0.98 48 6.9
84.0 25 84.0 12.2 586 85
101 30 101 14.7 710 103

(])PRESSURE AUGMENTER PLATE AREA RATIO
TO MANDRELS =

7:1

(Z)PROCESS PER 1.1 AND 1.2:

(3)Fi1]et mold is 96.5 CM (38.0 INCHES) LONG

MANDRELS, 6.35 mm (0.25 [NCH)
X 12.7mm (0.500 INCH) ALUMINUM

3.17mm (0.12 INCH)
RADIUS FILLET
2 PLCS.

BREATHER

VACUUM BAG

SEAL

PRESSURE
AUGMENTER
PLATE
ALUMINUM
DAMS
' 1 II
TYPICAL ( ~ / .[ // ]
FASTENER =T ;
INSTALLATLON ~ -
_5-._______‘ 2~ ;;i//
F‘—JI—IJ L

Figure 93.

Fillet Radius Stock Tooling and Vacuum Bagging
Arrangement - Imidizing Process
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DEBULKED AND IMIDIZED
0° CAP 16 PLIES, 0.145 MM

(5.7 MILS)/PLY OR 18 PLIES 0.]27 MM THERMOFORMED (iI*S)S - 2 PLY
(5.0 MILS)/PLY

//// INNER AND OUTER ELEMENTS

BLEEDER 1 PLY 120 FIBERGLASS

SMC250 SILICONE
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\ BREATHER
L/ KAPTON BAG
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S

——

L

L

SEALANT

BASE PLATE 208.8 X 88.9 CM
(82 X 35 INCHES)

Figure 94, Layup and Tooling Process Hat-Stringer Assembly
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Figure 95. LARC-160/Celion In-Situ Imidizing Cure Cycle Window and Sequence of Events
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Figure 96.. ASTM D 647 Compression Mold for Celion/LARC 160 Molding
Compound Flexure Specimen per ASTM D 790
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Figure 97.
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for Aged Tensile Properties
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Figure 98.
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Figure 100. C-Scan Laminate

EX202 (+45)S for Aged Tensile Properties
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Figure 103.

ASTM D647 Tensile Mold and Molded ASTM D651 Tension Coupon



FLEX SANDWICH BEAM TEST —
ULTIMATE COMPRESSION STRESS ON FACE SHEET

CORE *
FACE SHEET CRES BEARING ADHESIVE
' /(GRAPHITE/POLYIMII)E) /SLEEVE (BONDED) ’//

17 7 CRES 1378 MN/m?
{200 KSI HT, MIN}

OR EQUIVALENT -— (31‘275)
_ __L_
‘ t ¢j!\ \\‘a 381
! 7 l 29 (1 50)
- ©75) § X 2 54
T=0317 'e———— 20.3 (8 Q) —————~=-10 2 (4 0) = 0.871 (0 343) DIA (1 00) ~= __f "l I"
{0.125) 50 8 (20.0) l 254 (10}
55.9 (22.0)

CALCULATION OF ULTIMATE COMPRESSIVE STRESS (Foo
ON COMPOSITE FACE SHEET

* FOR —270 F, 75 F & 400 F TESTS USE ALUMINUM
HONEYCOMB CORE, 1/8-22 PCF, 5052 ALLOY

FOR 600 F TESTS, USE 321 CRES, ANN ,0 005 IN
FOIL PER AMS 5510H

t FOR -270 F, 75 F & 400 F TESTS, USE Q 12 PSF
FM 400 ADHESIVE FOR 600 F TESTS, USE

WHERE 0 135 PSF ADHESIVE (FM34)

P = ULTIMATE FAILING LOAD

W = BEAM WIDTH

t = COMPRESSION FACE SHEET THICKNESS
T = TENSION FACE SHEET THICKNESS

FLEX SANDWICH BEAM TEST —
ULTIMATE TENSILE STRESS ON FACE SHEET

17-7 CRES 1378 MN/m? ADHESIVE T
(200 KSI) HT MIN
OR EQUIVALENT 10 2 (4.
T=0.317(0.125) ) o} 20.3 (8.0)—— 317(125)
CORE
A4 R 3 78
| 3.81
1 (1 50)
} S\ FACE SHEET * — |=25
t | (GRAPHITE/POL YIMIDE) {1 00)
I 50 8 (20.0)

| ~s—2 54 (100}

LOAD PADS 10IN WIDE
REACTION PADS 15IN WIDE

CALCULATION OF ULTIMATE TENSILE STRESS (F,,)
ON COMPOSITE FACE SHEET

. __4aP_
Wy, (1501%)

WHERE

P = ULTIMATE FAILING LOAD

W = BEAM WIDTH

t = TENSILE FACE SHEET THICKNESS

T = COMPRESSION FACE SHEET THICKNESS
Figure 104,

186

* FOR —270 F, 75 F & 400 F TESTS USE ALUMINUM
HONEYCOMB CORE, 1/8-22 PCF, 5052 ALLOY

FOR 600 F TESTS, USE 321 CRES, ANN , 0005 IN
FOIL PER AMS 5510 H

+ FOR —270 F, 75 F & 400 F TESTS, USE 0 12 PSF
FM 400 ADHESIVE FOR 600 F TESTS, USE
0 135 PSF ADHESIVE (FM34)

Composite Tension and Compression Critical Beam Specimen Designs



BIAX1AL GAGES

BACK TO BACK 0.952 CM

(0.375) DIA TYP
22.86 CM \ 1,588 CM (0.675;\\\
- (9.00 REF) —1
5 —L

5
715

(0.58) TYP|
1.42 CMa

(2 25)"’I /3 00) 7.62 CM R TY
llTIl

22.86 CM -
(9.00) REF
6.02 CM et et 10.82 CM ——
(2.37) (4.26)
| {
- E% - W
A
I

P

LARC 1 60/CELION COMPOSITE

P

P1/181 FIBERGLASS
6 PLY TABS

' \\\BIAXIAL GAGES

BACK-TO-BACK

N

0.154 CM
6.02 CM
(0.06) TYP P1/181 FIBERGLASS _L_§ I—
6 PLY TABS. NOTES:
DESIGN A 1. SIDES PARALLEL WITHIN 0.001 INCH
DESIGN B
LEGEND
NOMINAL GAUGE TAB ADHESIVE
THICKNESS *'T" SECTION
LAMINATE | SPEC IMEN M/ WIDTH TEST TEMP (C)
ORIENTATION | DESIGN | NO. PLIES (MILS) CM (INCH) -132 RT 204 316
(0)¢ B 5 0.032/(12.5) | 1.27 (0.500) | FM4OD FM4OO FMLOO FM34
(90)¢ B 32 0.20/(80.0) 2.54 (1.000) | FM4OO FMLOO FMLOO FM34
(+45)¢ B 4 0.0254/(10.0) | 2.54 (1.000) | FM4OO FM400 FMLOO FM34
(0,+45,90) A 0.051/(20.0) | 1.588 (0.625) | FM400 FM4OO FMLOO FM3L

Figure 105.

L8T

Tension Coupon Specimen Designs



KNIFE EDGES,

MAKE FROM
HIGH SPEED ‘::::::

TOOL STEEL, LOAD
FULL
HARDNESS \\\\\\K
..F'y-—-—— -
FIXTURE }
\\\~\\“\ 5.08 + 0.051 CM
i (2.007+ 0.02-1N.)
SPECIMEN-_T| i GAGE LENGTH
: = (CENTERED ON
EXTRA FINE i N SPEC | MEN)
THREAD -
\\\\\\t N CLAMPING
: ! SCREW
Dj:f ——#h
L
SLOTTED B
FOR EASY ggfffl =
CLEARANCE | “‘x:\ROD 10
UBE To MICROFORMER
: N FIXTURE CORE
SPECIMEN IN TEST Mo ROFORMER i
BODY
TOP HOLDING INCONEL "X EXTENSOMETER ASSY
- BLOCK SPRING
€ LOAD @ el g
{ CLAMPING & SECTION "™
= SCREWS CRES STEEL(0.030 IN.)
LEAF [P@ : ~ e (3. 000 ) ]
CARRIER™ | = \\\\S:> A
FIXTURE L (:f/ | 1.000
SUPPORT//A' “BOTTOM *
Grest HOLD ING
CROSS SECTION - [ 1
SPECIMEN TEST SET-UP EXTENSOMETER ) | )
LINKAGE NOTES: 0.080
NOTES : <:>ENDS TO BE GROUND PARALLEL WITHIN
MAKE FROM 0.0012 CM (0.060 MILS) CRES STEEL. 0.00127 CM(0.0005 IN.) & PERPEN
DICULAR TO LONG AXIS WITHIN 0.00127

STACK GRIND TO IDENTICAL LENGTH & BREAK EDGES.
LEAVES OF SPACERS TO HAVE LARGE CLEARANCE CM/CM 0.0005 IN./IN.

HOLES TO ALLOW FREE MOVEMENT. (2)s1DES TO BE PARALLEL WITHIN 0.00]
(2) MAKE FROM CRES STEEL / IN.
(3) DISTANCE UNSUPPORTED BY STABILIZING LEAVES AT (3) FACES TO BE MOLDED FLAT WITHIN
EACH END OF SPECIMEN SHALL NOT BE MORE THAN 0.002 IN.
0.152 CM (60 MILS) SPECIMEN DESIGN

Figure 106. Compression Coupon Design and Test Set-Up
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AVERAGE ULTIMATE STRESS (KSI)

e i | T T I I
1 - ! T T byt - =
. L : A POSTCURED CONDITION| !
A - - ' O AGED 125 HOURS AT |
316C (600 F)
N . | |
280 P N/ | N l ’ I 1929
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b (O)tiBEAM ; N "-ﬁ-..\\j‘\ | ! :
i \\ . S~
. g T !
240 i ! 1653
| ! !
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~ BOND FAILURE l ~
IN 316 C (600 F) <
! TESTS | B z
120 | 1 827 o
(0,45,90) s COUPON U N i
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gt YRR - SN N i ]
. et | | || 8
(£45)s COUPON - l B n §
b . | <
40 ?A\ f : 1 ! +— 276
b ¥ \ i ) S T __I ; e
20 ' == : ' 138
10 I 68.9
10 i1 68.9
» 7(90) . COUPON |
5 7 ? ! 34.5
‘ = l * i__
0 | . ] I 0
C =132  -92.4 -37.4 -17.6 23.7 02.4 147 202 257 316
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TEST TEMPERATURE

Figure 107. Tensile Properties of LARC-160/Celion Laminates Postcured and

125 Hours =316 C (600 F) Aged Conditions
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AVERAGE ULTIMATE STRESS (KSI)
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Al i ‘ f : A POSTCURED CONDITION
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Figure 108. Compression Properties of LARC-160/Celion Laminates Postcured and

125 Hours =316 C (600 F) Aged Conditions
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STRESS (KSI)

=t

300
250 | -
AGED 125 HOURS
AT 600 F
POSTCURED
200 -
150 | i
] 1

I 1
(-270 F) (-200 F) (-100 F)
-132 C -93 C -38 C

Figure 109.

93 C 149 C 204 C 260 C
TEST TEMPERATURE

Flexural Strength of LARC-160/Celion 0° Laminates

18 C
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STRESS MN/m?
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Figure 111. Typical C-Scans of '"Hat" Elements
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Figure 112.

MHAT! STRINGER MOLDED ON TOOL BEFORE
REVERSE FORMING SHOWING CONCAVE WARPAGE

"Hat'" Stringer Molded on Reverse Formed Tool——Showing Flat Condition
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600 T T 1 T T T T o]
T I - CURE 180 MINUTES ~ APPLY 1.38 MN/m2 (200 Psi) |y CURE 160 MINUTES
// AT 285C (550 F) AT 271C -285C (525-550 F) '/ AT 285¢ (550F)
2 . ' j;mﬂ Y{\\ - AY.YY S
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Figure 113.
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Hat Stringers in Position on Skin~~Fit-up Operation

Figure 114,
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AB00122 C-7

Figure 115.

Hat Stringer in Position on Skin With "l" Pressure

Cauls Installed
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AB00122 C-8

Figure 116.

Pressure Augmenter Plate in Position Over

\

T
o

N
.
- -
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.

e
-

"1" Pressure Cauls.
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AB00122 C-11 C

A800122 C-10 C

NOTE: PANEL SIZE
29.8 X 193.0 CM
(11.75 X 76 INCHES)

Figure 117. "Hat" Stiffened Skin/Stringer-—Bonding Complete
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A800122 C-12

Figure 118.

"Hat'" Stiffened Skin/Stringer Showing Concave Skin Surface




af§i jiee

e

=i
Er=

ST o
=

3
£

|

i%e P,

il

Figure 119. C-Scan of Hat-to-Skin Bond, Typical Area - 1/2 Scale
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EX190 VOIDED CAP
120X

CAP AREA
PHYSICAL PROPERTIES
NON

PROPERTY VOIDED | VOIDED
DENSITY (G/CE) | 1.467 | 1.581
RESIN
CONTENT (%) 29.4 29.6
FIBERS ,
VoL. (%) 5852 62.8
voID voL (%) 8.30 1.13

EXT190 NON VOIDED CAP
120X

Figure 120. C-Scan and Photomicrograph Correlation of "I" Stringer
Cap Void Characteristics
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AB00122 C-2

@&

Figure 121. "I" Stringers in Dry Fit Position on Skin

Assembly
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A800122 C-3

Figure 122. "I" Stringer in Bonding Position With "l" Pressure Cauls Installed




S0¢

A800122 C4

Figure 123. Pressure Augmenter Plate in Position Over "1" Pressure Cauls,
"I" Stiffened Skin/Stringer Assembly




ture

1iX

A,

r Stiffened Skin Element in Vacuum Bag Bonding F

inge

"I Str

Figure 124,

A800122 G5
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A800125 C-2.

(A800125 C-1

Figure 125. "I" Stiffened Skin/Stringer Panel Bonded Complete
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Figure 126
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Figure 129.

Typical Test Set-up for -132 C (-270 F) Compression

Element Test
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GAGES 1 AND 2 ON LOWER
SKIN DIRECTLY OPPOSITE
3 AND 4

30 133
NO. 1 NO. NO. NO. NO. 2 NO. 6 NO. 4
25 3 > 7 41
SPECIMEN
20 - EATLED AT -1 88.9
25,000 LB
)
i
~
“ist 66.7
a
<€
o
-
10 ~ 44,5
5 \\ Y <4 22.5
0 ] 1 | 1 0
-4.0 -3.0 -2.0 -1.0 0 1.0 2.0

Figure 131.

STRAIN u(%)

Load/Strain Characteristics of 'Hat'" Stringer Stiffened Skin

Element EX109/EX110 AT-132C (-270F)
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GAGES 1 AND 2 ON LOWER
SKIN DIRECTLY OPPOSITE
3 AND 4
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Figure 132.
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STRAIN u (%)

Compression Load/Strain Characteristics of '"Hat" Stringer
Stiffened Skin Element EX195-4A Aged 125 Hours
at 316 C (600 F) and Tested at—132 C (-270 F)
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STRAIN GAGES 1 AND 2 ON
LOWER SKIN DIRECTLY
OPPOSITE 3 AND 4

30 133
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-3.5 -3.0 -2.0 -1.0 0 1.0 2.0 3.0 3.5
STRAIN u (%)

Figure 133. Compression Load/Strain Characteristics of Hat Stringer Stiffened Skin
Element E109/EX110A, Postcured Condition Tested at Room Temperature
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Figure 134. Compression Load/Strain Characteristics of Hat Stringer Stiffened Skin
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Element EX109/EX110B, Postcured Condition Tested at Room Temperature
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Figure 137. Compression Load/Strain Characteristics of '"Hat" Stringer
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Figure 138, Load/Strain Characteristics of "I'" - Stringer Stiffened Skin

Flement EX111/EX113 Tested at -132C (-270 °F)
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Figure 139. Compression Load/Strain Characteristics of "I" Stringer Stiffened Skin
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Figure 142. Compression Load/Strain Characteristics of "I" Stringer
Stiffened Skin Element EX194-2A, Aged for 125 Hours at
316 C (600 F), and Tested at Room Temperature
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Figure 143. Load/Strain Characteristics of "I'" Stringer Stiffened Skin Llement
EX194-1 Postcured Condition, Tested at 316 C (600 F).
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